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ABSTRACT 
This Report deals w ith the probl e m of using models as classroom 
demonstrations in conne ction with a general cours e on structural mechanics. 
After discussing the types of d e monstrations that can effectively be 
us e d to clarify various aspects of structural analysis and r e spons e , designs 
are given of equipm e nt suitabl e for this purpos e . This equipm e nt e nabl e s 
a wide rang e of models to be c onstruc t e d quickly and to suit individual re-
quir ements . The d e signs ar e suitabl e for manufacture in the ave rag e small 
w ork shop. 
T h e a r eas of s tructura l analysis a nd be haviour conside r e d a r e : 
(a) e l ast i c theory , including linea r d efl ec tions, e la s tic s t ability a nd vibra -
ti on s; (b) p l asti c th eor y, inclu ding the pla s ti c fa ilur e of frames; a nd (c ) 
pla n e s tr ess p robl ems illu s tra t e d by photo- e l as ti c ity . Illu s tr a tions a r c 
g i ve n of the mann e r i n w hic h this e q u ipment can be us e d to d emon s trate a 
v a ri e t y of m atten; a ri s ing in s truc t u r a l the ory a nd d es i gn. 
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I . GENERAL CONSIDERATIONS 
A. Introduction 
Structural models can be used for a 
number of distinct or related purposes, and 
for convenience these can be grouped as 
demonstration models or analytical models. 
1. Demonstration Models 
Demonstration models are designed 
specifically to demonstrate one or more 
known aspects of structural analysis or 
behavior. Under this heading there is a wide 
range of models varying both in size and in 
complexity; the following sub-divisions repre-
sent the two extremes. 
a. Classroom Demonstrations 
Classroom demonstration models are 
models at their simplest. As they are to be 
used in the classroom during the lecture, 
they have to be portable, and they must be 
extremely simple to operate and equally 
simple to comprehend. They can be made of 
quite inexpensive material - even cardboard -
and they will generally demonstrate their 
point by exaggerated deformation. Because 
these models are to be used as "visual aids" 
they must be kept as simple as possible, which 
generally means they have little or no 
instrumentation. 
b. Laboratory Demonstrations 
Laboratory demonstration models are 
used in quite a different manner from class-
room demonstration models. They are 
specifically designed for measurement and 
thus are accurately made, and they are pri-
marily intended for student use. They may 
have simple or quite complex instrumentation 
depending on the type of model and the 
quantities that have to be measured. Their 
purpose is to enable a student to measure 
some quantity (such as load, deformation, 
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strain, or frequency} that he has previously 
found by mathematical analysis, and .thus 
become more aware of the physical signifi-
cance of theoretical results. Work of this 
kind also introduces a student to the general 
field of structural testing and experimental 
techniques. 
2. Analytical Models 
These are the models used by an engineer 
for analytical purposes when he is dealing 
with the frontier of knowledge. If there should 
be no precedent for a particular form of 
construction or if there is no known mathe-
matical solution, an experimental study by 
model may have to be used to replace all or 
part of the more usual theoretical study. In 
less extreme cases where the mathematical 
result is open to question, an experimental 
study may be carried out as a check on the 
validity or accuracy of the theoretical result. 
Experimental work of this kind calls for 
a good deal of experience and in many cases 
also demands highly refined techniques for 
making the model and for carrying out the 
experimental analysis. 
3. Focus of This Report 
In a "demonstration model" the theoretical 
result is never in question, and the model is 
used merely as a means of explaining or con-
vincing, or of teaching experimental tech-
niques. In an "analytical model" the model 
itself is used as the means of analysis. 
Models considered in this report are 
entirely of the demonstration type, with the 
emphasis primarily on class-room demon-
strations. The purpose of the model should be 
kept in mind as there is always a danger of 
trying to use equipment beyond its capacity 
and in a manner not intended by its designer. 
Models in this report are for qualitative 
demonstration, and are definitely not designed 
for quantitative measurement. It ~possible 
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to treat them as laboratory models for 
measurement purposes provided full account 
is taken of such factors as the effects of the 
junction blocks (factors that may or may not 
be negligible), but it should be remembered 
that if laboratory-type models had been called 
for in the first instance the basic design of 
the equipment would have been quite 
different. Design requirements for an order-
of-magnitude class-room demonstration are 
not the same as for a laboratory model on 
which precise measurements have to be taken. 
B. The Use of Classroom Demonstrations 
Use of a visual aid of any kind is some -
thing that requires careful thought and 
planning, and some practice. It must be 
remembered that a visual aid is intended to 
promote quick understanding; this must be 
the result when it is used. The visual aid 
should not, as can quite easily happen, be a 
further confusion in the minds of the audi-
ence. A demonstration is strictly an illus-
tration, and as such should be obvious enough 
on its own merit to be grasped quickly by the 
average student with a minimum of expla-
nation by the lecturer. If the lecturer has to 
embark on a lengthy explanation as to how or 
why a particular demonstration model works, 
this new topic may confuse the original issue 
and the whole demonstration has been ill-
conceived. The twin characteristics of any 
good illustration are clarity and simplicity; 
departure from this ideal must be made with 
extreme care. 
All this must be kept in mind when 
designing a structural model for demon-
stration. Means of loading and supporting the 
model should be obvious; function of the 
individual components of the model and the 
part they play in the total structural response 
should also be obvious; and in general the 
audience should not be asked to accept any 
idea that is beyond their experience or 
ability to grasp at the time, since they might 
as well be asked to accept the original thesis 
the model is supposed to confirm. 
Models discusse d in this report were 
designed taking into account factors of 
simplicity, visibility, and ease of operation. 
The two matters most quickly grasped by any 
student in the field of structural theory are 
dead load and deformation; both of these he 
can see and understand without explanation. 
A brief study of the photographs in this report 
will show that most of the models operate 
around these two quantities, though further 
quantities such as strain and frequency have 
also been introduced in places. No provision 
is made for taking measurements of load, 
deflection, or frequency. To introduce 
instrumentation is to complicate the demon-
stration, and for a lecturer to read quantities 
from dials or gauges is generally too remote 
from the student to be compatible with the 
ideals of visual aids as described above. If 
instrumentation is introduced it also must be 
simple and clearly visible to the student. 
As some of the models are designed in 
kit form, there is a great deal of flexibility 
in the way they can be used. However, the 
individual lecturer must understand the basic 
philosophy behind the designs, or, in con-
structing elaborate models, he may defeat the 
purpose for which the models were originated 
and, indeed, his own purpose in attempting to 
"demonstrate." 
C. Demonstration /.\odel Des igns 
The models described in Chapters II and 
III are all designed on the "kit" principle. In 
this way they are intended to be as versatile 
as possible so that a lecturer normally can 
construct a model to meet his own require-
ments. There are two separate kits, each 
dealing with one general area of structural 
behavior, and both kits are designed to 
operate with the same standard board 
(Figure 1). 
The board is 3 ft. 6 in. by 2 ft. 6 in. in 
area, made of 5 / 8-in. plywood, and is finished 
on one surface with black laminated plastic 
which serves the double purpose of acting as 
a contrast background and also as a matt 
surface for writing on with wax pencil. It is 
fitted with brass bolts at 6 in. (alternatively, 
3 in.) centers both horizontally and vertically, 
all bolts having a 1/8-in.-diameter hole 
drilled right through (Figure 2). The board 
can be laid horizontally on a table, or put 
upright on small brackets with either the short 
or the long side of the board vertical. 
The board itself is precisely made, 
extreme accuracy being maintained in many 
of the dimensions - especially in the location 
of the bolts - so that it can meet the require-
ments of all the kits. It is used as a former 
on which the models are constructed, and then 
as a supporting and testing plane on which 
the behavior of the models is subsequently 
demonstrated. The holes in the board repre-
sent a grid pattern on which a model frame 
structure can be made and are also points at 
which models can be supported and straining 
forces can be applied directly. 
The standard size board should be large 
enough for the average classroom and for the 
majority of models associated with a general 
course on the theory of structures. However, 
if a larger assembly should be required, two 
or more boards can be bolted together using 
shelf standards to connect the frames 
attached to the back of each board. The 
frames are positioned in such a way that this 
is possible. 
Two model kits have been designed to go 
with the board: 
Kit No. l: Elastic theory models 
This kit, discussed in Chapter II, enables 
simple beam and frame structures to be con-
structed out of aluminum splines. It can be 
used to demonstrate a wide range of elastic 
action including simple elastic theorems, 
elastic deformations, relaxation methods, the 
use of deformers in experimental analysis, 
buckling modes, and vibration modes and 
frequencies. 
The board and some of the kit parts can 
also be used in conjunction with special 
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purpose models. An example of this is given 
on page 49, where a model to show the web 
buckling of a plate girder is described. 
Kit No. 2: Plastic theory models 
This kit, discussed in Chapter Ill, is 
restricted to the demonstration of collapse 
modes of beam and frame structures under 
the assumptions of the simple plastic theory. 
The model becomes a mechanism at the 
critical load by forming the necessary number 
of hinges. 
The type of demonstration model which 
uses the photo-elastic phenomenon as a means 
of showing internal stress is discussed in 
Chapter IV. Instead of using the more common 
form of expensive optical bench, the optical 
system of a standard 4-in. by 3-in. slide pro-
jector is employed together with a polarizer 
and straining frame attachment to project the 
photo-elastic effect for class viewing. Small 
and easily made plane models are then used 
to show stress levels and especially stress 
concentrations in cases where these are of 
importance. The setup can be used in a wide 
variety of topics, ranging from the design of 
structural connections to secondary bending 
effects in truss frameworks. 
All of these models, their design, and 
their use in teaching, are discussed in detail 
in the following chapters. 
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II. ELASTIC THEORY MODELS 
A. Introduction 
As has been stated already, the simplest 
form of structural demonstration is that 
which uses deformations that are easily 
visible to an audience. In the field of elastic 
theory this can most easily be done by using 
models associated with bending action rather 
than those which develop only direct tension 
and compression forces. It is easier to 
demonstrate large deformations with a beam 
or portal structure than it is with a truss 
framework. A plane structure composed of 
flexible splines is perhaps the simplest 
solution to the general problem of producing 
a model to demonstrate elastic theory, the 
two-dimensional demons tra ti on with in-plane 
behavior always being easier for a class to 
see than a demonstration which u ses the third 
dimension. 
Clearly, models of this kind can be used 
for showing more than just the simple elastic 
theorems. With only a small extension in the 
basic design they can also be used to demon-
strate any structural response associated 
with bending action - such as the deflections 
of a frame, the buckling modes of struts, 
frames, and trusses, and also the vibration 
modes and frequencies of beams, frames, 
and trusses. 
Kit No. 1 is designed to cover all these 
requirements. Bending action alone is con-
sidered, though the method of jointing the 
splines is sufficiently strong to transmit the 
c ompressive and tensile forces that develop 
in a truss when it is on the point of buckling. 
No provision has been made to demonstrate 
torsional effects either in the complete model 
or in its individual members. 
Figures 3 through 9 show how the kit can 
be used. All models are made of straight 
splines which can readily be cut from standard 
aluminum alloy sheet and when these have t o 
be joined, as for example whe n making model 
frames, this is done by using special junction 
blocks. 
The loading is applied by unit brass 
weights which can either hang vertically 
from, or be clamped rigidly to, the splines at 
any location. The same brass weights can 
also be s crewed to the junction blocks as a 
means of increasing the nodal mass in 
vibration models. For buckling demon-
strations, strains can be applied by special 
straining blocks which can supply either 
knife-ed ge or fixed boundary conditions. For 
vi bra ti on demonstrations where an exci tor is 
required, this is effected b y using a miniature 
electric motor driving an eccentric, and this 
also can be clamped rigidly to any spline in 
any location. 
The model itself can be supported in a 
variety of ways - pinned, fixed, and sliding 
conditions all being possible. There is also 
provision for moving support points through 
linear or angular dis placements to illustrate 
the deformer method of experimental analysis, 
and in this connection there are also shear 
and moment deformers so that influence lines 
for these quantities can be demonstrated for 
points within the structure. 
The following sections cover in detail not 
only the use of the various parts of the kit, 
but also provide all the information necessary 
for its manufacture. 
8. Design Considerations 
Some of the more important factors to be 
taken into account in designing a spline model 
kit are as follows: 
1. Vi s i bi I i ty 
The model and its deformation as pre-
viously stated, must be easily visible to a 
large class. (A board size 3 ft. 6 in. by 2 ft. 
6 in. is a reasonable size of model for the 
average classroom. Construction should be 
in such a way that two or more boards can be 
FRONT 
BACK 
PART 2 . 1 - At 6" 
(Alternotively3") Centers. 
Holes In Boord Jig-
Bored For Pree i se 
Positioning To 
Within 1/64". 
~"Plywood Boord 
F'aced On Front With 
Mott Block Laminated 
Plast ic. 
3/4" Aluminum 
Counter Edging . 
Knape - Vogt No. 51 
Shelf Standards. 
u...- --- Removeoble 
Brackets . 
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F igur e 1. D isplay board fo r use with the m o d e l s of C hapte r s 2 a nd 3 
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joined if larger models are required.) In 
order to make deformed shapes clearly 
visible, a maximum displacement of approxi-
mately 2 in. under an applied load of approxi-
mately 2 lb. was used as a basis for design, 
and 2 in. was also used as the unit displace-
ment distance for the deformers. 
The chief problem relating to visibility is 
that the edges of the splines are t owards the 
class. The best solution to this problem is to 
have a matt black board surface as back-
ground, and to have the model well illuminated 
with frontal lighting. 
2. Flexibility and Spline Lengths 
This comes directly from the deflection 
considerations discussed above, and also from 
the requirement that spline models must not 
exhibit a noticeable self-weight sag, that is, 
the finished model must approximate a 
weightless structure. Further, as it is 
desired to demonstrate both elastic insta-
bility and vibration, the buckling loads must 
be small and the structure capable of showing 
large buckling deformation without over-
stress, and the vibration frequencies must be 
within a certain desirable range discussed 
later. 
Inevitably these requirements call for 
some compromise in the design of the kit as 
not all factors can be met with the same 
degree of success in one design. 
The splines are made of aluminum alloy; 
this has the great advantage over steel of 
being readily cut in a shear, and thus any 
dimension of spline can be formed in a few 
minutes. A maximum width of spline of 5 /8 
in. is used; this width enables large plane 
models to be constructed without excessive 
out-of-plane deflection or vibration, and in the 
majority of cases this full width is used. It 
was not found possible to meet all the stiff-
ness requirements in one standard spline 
thickness {though that would have greatly 
simplified the problem of jointing), therefore, 
two thicknesses are allowed for in the design 
of the equipment, 1 / 16 in. and 1/32 in., these 
being standard aluminum plate thicknesses. 
The unit length of spline is 6 in. if the 
board is divided into squares of this size. 
Thus when using square or rectangular models 
the nominal spline lengths will be multiples of 
6 in. There is also provision for using di-
agonal splines at two different angles. 
3. Fabrication 
Any model should be capable of quick 
construction, and when the splines are joined 
together the model should behave in all 
important respects as a homogeneous 
structure. Also the construction procedure 
s hould automatically result in a plane 
structure, the model remaining plane under 
the most severe conditions of load, strain, 
and particularly of vibration. 
This raises the largest problem associ-
ated with the design of a spline m9del kit, 
namely that of finding an effective means of 
jointing. The joint must resist considerable 
forces without slipping, these forces being 
bending, compression, and tension {in truss 
models). Also, as the models are required to 
demonstrate high frequency resonances, there 
must be a minimum of damping introduced by 
the method of jointing, and no slipping of the 
joints at these frequencies. The solution used 
may be seen in the design of the slotted 
junction block Part 2 .4 in which the splines 
are held in carefully machined slots. The 
slots are 0.060 in. in width, that is 0.002 in. 
less than the standard thickness of the l / 16in. 
aluminum plate. When the spline is tapped 
into the slot, the block splays slightly at the 
top and grips the spline at the base of the slot; 
then when the wedge nut {Part 2.5) is screwed 
into position, the sides of the block are forced 
together at the top, gripping the spline at the 
top as well. In this way, the spline may be 
gripped hard along its top and bottom edges, 
thus causing a joint that will resist out-of-
plane forces and also transmit axial forces 
without out-of-plane movement. When 1/ 32-in. 
splines are used, small 1/32-in. packing 
pieces must be used at each end. 
C. Design and Construction of the Kit 
The only two sections of the kit that 
present any real difficulty in machining are 
Parts 2.4, 2.5, and 2.12. 
The slots in the slotted junction blocks 
{Part 2.4) have to be cut 0.002-in. or 
0.003-in. less than the spline thickness as 
explained in 2.2{c). If a 0.060-in. cutter is not 
available, it can readily be prepared by 
grinding 0.001 in. off each side of a 1/16-in. 
cutter on a surface grinder. Ideally this 
should be done so that the cutter remains 
hollow ground on each side, and this can be 
done by springing the cutter on a magnetic 
table so that the upper surface is plane when 
this surface is ground. 
The conical taper on the top of the block 
must also be carefully machined as it has to 
work in conjunction with the taper inside the 
wedge nut (Part 2.5). These two tapers must 
be machined in such a way that when the 
splines are all fitted and the nut tightened as 
far as it will go, there is still a small 
clearance (about 1 /32 in.) between the nut and 
the shoulder of the block. The block and nut 
should not, of course, merely be hand fitted 
to meet this requirement, as all parts of the 
kit should be interchangeable. 
The other parts that require careful 
machining are Parts 2.12a, 2.12b, and 2.12c. 
These require jig boring so that the location 
pins in Parts 2.12b and 2.12c will match the 
holes in Part 2.12a and so that all parts will 
be fully interchangeable. 
The fit of the spline in the various slots is 
important. In Part 2.4 it is a hard push fit, 
the spline being hammered in place. In 
Parts 2.13 and 2.14 it is a light push fit which 
calls for the spline to develop some friction 
on the sides of the slot; in these cases a 
cutter of the same width as the spline is 
usually correct. In the relaxation blocks 
(Part 2.11) and the intermediate knife-edge 
support (Part 2.15) the spline must be a 
sliding fit in the groove with a minimum of 
friction, since when the spline deflects it 
must be fre.e to slide through the slot. If a 
cutter of the same thickness as the spline is 
used here, the slot will have to be widened by 
about .002 in., using abrasive paper. 
Note that the moment deformer (Part 2.14) 
has a circular cutout at the point where the 
two splines meet so that it can be fitted over 
Part 2.15 when demonstrating influence lines 
for moment at an intermediate support. 
The complete kit of parts is given in 
Table 1, and this will take a skilled machinist 
three to four weeks to make. A suggested 
m.\mber of each part is given in this table to 
form a basic kit for use with two display 
boards. A good quality milling machine is 
quite essential, as well as a moderately good 
la the and vertical drill. Full details of all 
parts are given in the drawings. 
D. Constructing o /,\odel 
The following is a brief description of the 
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main steps to be followed in constructing any 
spline model. The parts are identified ·by 
part number, and the joint arrangement is 
shown in Figure 2. 
2.3 2.9 
___-2.6 
......-- __...-2.5 
2.5 
Figure 2. Detail of joint and support point for 
spline models with exploded view showing 
arrangement of individual components 
Step 1. With the board vertical on its 
stands, attach a grip nut (Part 2.7) and a 
spacing washer (Part 2.9) at every node 
corresponding to a node on the finished 
model. This is done by passing a fixing bolt 
(Part 2.3) through the hexagonal head bolt 
(Part 2.1) from behind, through the spacing 
washer and into the grip nut. The fixing bolts 
should be tightened firmly by hand. If the 
deformer block (Part 2 .. 10) is being used at 
any node, this takes the place of both (Part 
2.7) and (Part 2.9), and the fixing bolt is then 
screwed into the center hole of the block. The 
board is then placed face upwards on a table. 
Step 2. Insert the short end of a junction 
block screw (Part 2.6) firmly into each grip 
nut, screwing by hand. 
Step 3. Slip a slotted junction block (Part 
2.4)~ each screw, the precise block being 
chosen to suit the geometry of the model. 
Step 4. Prepare the splines to span 
between the junction blocks. The splines are 
cut out of 1 /16-in. or 1 /32 -in. aluminum 
alloy sheet, and can be of any width up to a 
maximum of 5 /8 in. If the full width of 5 /8 in. 
is chosen, the model is somewhat easier to 
construct, and it is suggested that the model 
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be designed with this in mind. The correct 
length of each spline is the nominal length 
between node points less 3 /16 in. 
Step 5. Insert the splines into the slotted 
junction blocks. This is the step that requires 
care and takes the major part of the time in-
volved in constructing a model. As the slot 
width is some 0.002 in. less than the spline 
thickness , the splines have to be forced into 
place; this is done by hammering the splines 
carefully with a small hammer and through a 
brass block. Getting the splines to the bottom 
of the slots is made somewhat easier if the 
edges are rubbed with a fine file to remove the 
shearing burr. Where 1/32-in. splines are 
used, short lengths of spline material must be 
used as packing pieces to fill the slot. These 
pieces need not be the full spline width; 1/ 2-in. 
wide packing pieces with 5/8-in. splines make 
a mechanically sound joint and these are 
easier t o insert than full width pieces. It is 
usually better to use packing pieces in slots 
that are not occupied by the model splines; 
this is to assist the wedging action when the 
wedge nuts are applied. 
Step 6. Tighten one wedge nut {Part 2.5) 
over each slotted junction block. This has to 
be done with a wrench, but care must be 
taken to ensure that the threads are not 
stripped. Provided the slots are properly 
filled, there should be no danger of the 
wedge nut coming flush with the shoulder of 
the junction block. But an eye should be kept 
on this, as, if this were to happen, further 
tightening of the nut would have no further 
wedging action and would simply strip the 
thread. When the wedge nut is properly 
tightened, there should be a short length 
{approximately 1/8 in.) of the sc rewed rod 
protruding beyond the outside face of the nut. 
To this can be screwed the standard weights 
if it is required to add weight or mass 
directly at the node point. The board can now 
be placed vertically on its stands. 
Step 7. Remove the fixing bolts {Part 2 .3} 
and spacing washers {Part 2.9) from every 
node except where the model is to be sup-
ported. Once this is done, the model should 
remain in plane, and all junction nuts should 
remain 1 / 8 in. from the board, which is the 
thickness of the spacing washer that has been 
removed. Regarding a point of support, a 
fixed-end condition is maintained by keeping 
the fixing bolt hand-tight, and a pinned con-
dition is produced by loosening this bolt 
slightly so that the model is free to rotate at 
this joint. 
E. Use of the Kit in Teaching 
The following discussion is intended to 
outline the type of structural problem that can 
readily be demonstrated with the kit. It is not 
intended to be exhaustive, and anyone lecturing 
in the field of structural theory will want to 
take the following examples only as guides 
from which to design models to suit his own 
particular requirements. 
The kit can be used in two distinct ways: 
(1) to demonstrate structural principles on 
very simple problems {the purpose of this is 
to convey a basic concept in as simple a 
manner as possible. Examples of this can be 
seen in Figures 3 through 6), and {2) to 
demonstrate the solution to more difficult 
problems. {This can be used as a means of 
"convincing" stude nts of the validity of a par-
ticular solution. Examples of this can be seen 
in Figures 6 through 9.) 
In general, it is the fo rmer of these two 
types of demonstrations that is the more im-
portant, and the kit is designed primarily for 
this purpose . However, the lecturer might 
kee p the second type of demonstration in mind 
when he sets up specific problems for solution, 
as by choosing his problem to suit the capa-
bilities of the board he can then demonstrate 
the solution. 
Structural demonstrations are discussed 
under the following general headings: 
elastic deformations, elastic theorems, 
influence lines, relaxation solutions, buckling 
nodes, and vibration modes. 
l. Elastic Deformation 
As elastic theory is based on the concept 
of deformation compatibility, it is advisable 
from the outset to demonstrate the deflected 
shapes of structures under loading . This will 
give a student a quick visual appreciation of 
structural response - something that the 
engineering s true ture will not do as its 
deformation is generally too small to be 
visible. 
Starting with the simplest type of beam 
problem, Figure 3 {a) shows an elementary 
deflection problem where the results of an 
analytical solution can be compar ed with the 
deformed shape visible on the model. 
A more difficult type of problem is that of 
the deformed shape of a continuous beam or 
frame structure. For example, Figure 5 (b) 
shows a continuous beam of constant section, 
simply supported at A, B, C, D, and loaded 
with a vertical point load at X. This problem 
is conveniently solved by finding the values of 
the moments at the supports; from these 
values the moment diagram can be con-
structed, and from the moment diagram the 
general form of the deflected shape can be re-
constructed. It is advisable that students 
should go as far as sketching the form of the 
deflected shape from a knowledge of the sign 
of the curvature, and the location of the points 
of zero displacement and the points of contra-
flexure. That a deflected shape constructed 
on this simple basis does, in fact, represent 
the true shape can then be shown by the model; 
the relative magnitude of displacements across 
the model can be seen, and specifically the 
points of contraflexure can be located and 
compared with the points of zero moment on 
the moment diagram. 
An even more complex example of elastic 
deformation is shown in Figure 6 (a). A con-
tinuous frame, fixed at A, F, and J, and 
floating at B, C, D, E, and G, is loaded with a 
vertical point load at X . Even after an 
analytical solution for moments across the 
frame has been found, it is quite difficult to 
sketch the deformed shape of the frame on 
account of the displacements of the floating 
joints. There is a vertical and horizontal 
dis placement of joint C and horizontal dis -
placements of all other joints - there being 
an over-all sway of the frame due to the lack 
of symmetry of the system. It is valuable 
however for the student to try to reconstruct 
the general displaced position of the frame 
from the analytical solution, and once this is 
done it can be compared with the actual shape 
as shown by the model. The relative magni-
tudes of displacements across the frame can 
be seen by comparing the displaced position 
of the model with its no-load position as 
drawn on the board. 
A detailed discussion of one or more 
deformation problems of this kind can be 
extremely valuable to a student - especially 
if he handles the model for himself - as it 
gives him a "feeling" for structural response, 
and makes the analytical solution more 
meaningful to him. 
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2. Elastic Theorems 
Three theorems on which a great deal of 
elastic theory depends are Hooke's Law, the 
Superposition Principle, and the Reciprocal 
Theorem, and they can be demonstrated on a 
simple spline model. 
Figure 3(a) . Deflection of a cantilever 
beam due to W 
x 
Figure 3(b). Deflection of the same cantilever 
beam due to W , showing the reciprocal dis-
placement relationship 
F igure 3( c) . Deflection of the same cantilever 
beam due to W and W acting together, show-
ing the super-;osition '>Principle 
Figure 3. Simple relationships in 
elastic behavior 
Hooke's Law, which states that defor-
mation is proportional to loading, can readily 
be shown on a simple beam structure of the 
kind shown in Figure 3 (a). The displaced 
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position of any point of the structure can be 
noted for equal increments of vertical loading 
at some specific point, and it will be seen that 
these displaced positions are equally spaced 
vertically. For example, in Figure 3 (a) the 
displaced position of points X and Y could be 
noted on the board for equal increments of 
load at X. It can be seen that in both cases 
the spot-points are equidistant. (Later in the 
course it may be found advisable to discuss 
the bounds within which this law holds; this 
can easily be done by introducing an axial 
component of force by using a beam similar to 
the one s hown except that it is at 45° to the 
horizontal). 
The Superposition Principle can be 
demonstrated on the same structure by us'ing 
two or more point forces and showing that 
the total displacement at any point is the sum 
of the individual displacement components 
(Figure 3 (c)). 
The Reciprocal Theorem can also be 
demonstrated on the same model. Con-
sidering two points Y and X, it can be shown 
that the displacement of Y due to a point 
force at X is equal to the displacement of X 
due to the same force at Y. Further, if the 
displacement at Y is drawn at X as X is 
moved across the spans, then these points 
lie exactly on the displaced position of the 
structure when the load is acting at Y 
{Figure 3 (b)). This principle is used in the 
Muller-Breslau method for finding influence 
lines as discussed in the next section. 
As these three theorems are basic 
principles rather than structural problems, 
the simpler the model on which they are 
demonstrated the better. The one shown is 
selected as being the simplest beam structure 
having both upward and downward vertical 
displacements under downward vertical 
loading. 
3. Influence lines 
Coming directly from the reciprocal 
theorem is the method of finding redundant 
forces by means of deformers. The method 
stated simply is one in which the structure is 
used to draw its own influence line. If any 
force, internal or external, is required, and if 
that force is isolated and moved through a unit 
distance, then the resulting deformed shape of 
the structure is an influence line for that 
force. This method can be demonstrated as 
applied t o finding either external reactions or 
internal forces in a redundant structure. 
Figure 4(a). Influence line for moment at X 
• l .. ' ' t't ' q 4 
A B X C D 
-f ~ - : r -? ~ r-1-~-t 
Figure 4(b). Influence line for shear at X 
Figure 4. Influence lines for internal forces 
in a thr ee - span continuous beam using mo-
ment and shear deformers 
A B X C D 
'1 - .. - .; - • -, • - - - .. 
;. \ lwx 1 1 
Figure 5(a). Joints locked for fixed 
end moments 
F igure 5(b). Joints released for equilibrium 
Figure 5. Moment relaxation solution for 
support moments in a three-span continuous 
beam 
Consider for example the continuous 
frame structure of Figure 6 (a). There are 
three external forces acting at base A (a 
vertical reaction VA' a horizontal shear HA, 
and a moment MA), all of which would need to 
be found for the design of such a structure. 
Figure 6(a). Deformation due to W 
x 
Figure 6(c). Influence line for VA' 
vertical reaction at A 
Figure 6(b). Influence line for HA' 
horizontal reaction at A 
· Figure 6(d) . Influence line for MA' 
moment at A 
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Figure 6. Deformation of a continuous frame due to normal loading and 
unit displacements at base A 
Influence lines for these quantities can be 
found by displacing these forces in turn along 
their lines of action and noting the resulting 
displaced position of the frame in each case. 
This is done on the model by introducing the 
deformer block (Part 2.10) at A. Figure 6(b) 
shows the block being used to apply a unit 
distortion to quantity HA (note that only HA 
must move in its own direction, VA and MA 
remain undisplaced). Figure 6 (c) shows the 
application of a unit distortion to quanity VA• 
and Figure 6 (d) shows the application of a 
unit rotation to quantity MA. From the design 
of the deformer block it can be seen that the 
distortion can be applied in either direction; 
this is done so that large-distortion errors 
can be discussed together with the correct 
means of overcoming them by averaging the 
results of two opposite distortions. 
When using this distortion method to find 
influence lines for internal forces, the 
structure has to be cut at the section in 
question. Consider for example the three-
span continuous beam of Figure 4, a beam of 
constant section simply supported at A, B, C, 
and D. At any section X in the beam there 
are two forces acting, a vertical shear Sx and 
a moment Mx, and to apply unit distortions 
to either of these quantities the beam must be 
cut at X. The influence line for shear is 
shown in Figure 4 (b). This is found by giving 
Sx a unit distortion using the shear deformer 
(Part 2.13) which separates the two cut ends 
of the beam by a unit vertical distance while 
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keeping the ends parallel. The influence line 
for Mx is shown in Figure 4 (a). This is found 
by giving Mx a unit rotation using the moment 
deformer {Part 2.14) which turns one cut end 
through one radian relative to the other. 
The necessity of cutting the beam at any 
point where internal forces are required is 
clearly a difficulty in frame structures. How-
ever, the principle can be demonstrated 
quickly in this continuous beam problem 
where, by having two long splines, the dis-
tortion block can be moved to any point in the 
structure by sliding the whole spline system 
horizontally relative to the support points. 
It i s hardly necessary to demonstrate the 
deformer principle on structures more 
complex than those suggested in Figures 4 and 
6. 
4. Relaxation Solutions 
The method of balanced moments for 
solving continuous beam and frame problems, 
first suggested by Cross, is a relaxation 
solution that is ideally suited to physical 
demonstration. The process consists of 
starting with a structure in which all joints 
are locked against rotation and then system-
atically released and relocked until a final 
balance is attained without any external 
moment restraint at the joints. This process 
can be demonstrated by using the relaxation 
block (Part 2.11). 
Consider for example the three-span con-
tinuous beam first shown in Figure 4. If 
instead of putting the spline on the knife-edge 
supports, we pass it through the relaxation 
supports shown in Figure 5 (a), then we can 
lock any joint against rotation or release it at 
will by means of a nut behind the board (the 
front face of Part 2 .11 has a friction surface 
and thus the action of turning the nut does not 
turn the relaxation block). Needle pointers 
are fitted to the blocks to show the magnitude 
of rotation. At the start of the relaxation 
process all joints are locked against rotation 
with the needles vertical as shown in Figure 
5 (a). Any single joint is the n relaxed, 
showing some rotation, and then relocked. 
The adjacent joint is then relaxed and re-
locked . This process is continued until there 
is no movement of the needles in any joint 
when it is released, the system having 
attained a balance without there being any 
external restraints at the support points. 
This equilibrium position is shown in Figure 
5 {b). This is identical with the mathematical 
relaxation process for solving for the support 
moments, and the model can be used not only 
to give the student a clearer understanding of 
the mathematical process, but also to show 
the speed of convergence of the technique. 
It can be observed that with each new complete 
stage of relaxation across the beam, the 
needle pointers are moving less and less until 
no further rotation can be seen. 
The relaxation blocks are made in such a 
way that the relaxation solution of a frame 
problem can be shown, narrow splines being 
used so that the total width of the vertical and 
horizontal splines does not exceed 5 /8 in. In 
this arrangement, the vertical and horizontal 
members are adjacent to each other and thus 
the frame is not all in a single plane. How-
ever, the relaxation blocks being fixed to the 
board prevent any distortion due to the 
resulting eccentricity of loading. It should be 
noted when demonstrating frame problems that 
the system shown will not apply to the type of 
problem where there is sway in the frame, i.e .. , 
the joints all remain fixed in space and their 
only movement is angular rotation. 
5. Buckling Modes 
In any elastic instability problem the 
critical load and buckling mode have to be 
found. The two are inseparable because to 
find one is effectively to find the other. It is 
felt that demons tra ti on of the buckling mode 
is usually quite sufficient, and for this 
purpose a straining block is provided with the 
kit . 
The straining block {Part 2.12) screws 
directly to the board, can be fitted with either 
pinned or clamped seatings for the spline, and 
can be rotated to apply a strain in any re-
quired direction in the plane of the board. 
An example of the use of these blocks is 
shown in Figure 7 (a). A continuous column 
A, B, C, D, is clamped at A, simply supported 
at Band C (the intermediate supports), and 
pinned at the other end D. By straining 
either of the end blocks the spline can be 
made to buckle in its first critical mode. In 
this way, splines and straining blocks can be 
used to demonstrate the whole concept of 
elastic instability from the simple Euler 
problem to the effects of different end con-
ditions and higher buckling modes. 
Figure 7( a). Buckling m od e of a continuous 
c olumn fixed at A, and o n knife - e dge suppo r t s 
at B, C, and D 
F igur e 7( b ). Buckling mode of a s t iff - jointe d 
cant i l eve r tr uss framework d ue to c ritica l 
va l ue of W B (Jo i nts A and D a r e f ixe d, and 
all o t he r joints are fr ee ) 
F i gure 7( c ). B uckling m o d e of the sa m e fra m e 
d ue t o c ritical va l ue of W C 
Figu r e 7. Bu ckling m od es of cont i n uous 
s tr uc ture s 
Another example of elastic instability is 
that shown in Figures 7 (b) and 7 (c) where a 
cantilever frame is subjected to in-plane 
buckling. The frame A, B, C, D, as shown, is 
supported at joints A and D, both of which are 
locked against rotation, and all other joints 
are floating. It is required to show the 
buckling modes of this frame when it is sub-
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jected to the critical value of downward point 
force at joint Band upward point force at C. 
These forces can be applied by hand as shown, 
and a simple demonstration of this kind shows 
not only the buckling mode but clarifies the 
"effective length" concept in buckling 
1 problems. 
6. Vibration Modes and Frequencies 
In some ways the demonstration of vi-
bration modes is the most valuable use that 
can be made of the spline kit. The funda-
mental mode in a vibration problem may be 
easy enough for a student to grasp, but often 
enough the meaning of higher modes remains a 
m ystery to him. Also the physical demon-
strat ion of higher modes in a vibration problem 
is an easier matter than in a buckling problem 
a s in this case they are quite stable and do not 
enta il introducing external supports - a 
device which may or may not be convincing. 
The fundamental mode can always be 
demonstrated manually - the structure is 
merely pulled out of its equilibrium position 
and released. Usually the act of "pulling " 
forces the s tructure into a mode not unlike 
the first critical vibration mode. Thus the 
d e monstration is a fair one, especially if the 
damping is small, allowing the model to 
vibrate for long enough to settle into its true 
funda mental mode. However, it is not 
pos s ible to demonstra te t he hig her modes in 
thi s wa y , and one has to r e sort to a vibra tor 
of v a riable spee d in orde r to excite the 
structur e into a higher critical fre quency. 
This can e a sily be done b y a small e lec t ric 
motor with an e cc e ntric attached to its 
spindle , the motor b e ing of the type us e d in 
model electric railways. One great advantage 
of exciting the structure mechanically in this 
way is that as one approaches any resonance 
frequency the speed of the motor "locks" with 
that of the frame and the voltage applied to the 
motor ceases to be critical. It is thus a very 
simple matter to build up a large resonant 
displacement m6de in a very short time. 
An example of a vibration problem is 
shown in Figure 8 which represents a four-
story building frame with flexibility in both 
beams and columns. It is required to demon-
strate first the modes of transverse vibration 
of the frame, and then at least one mode of 
vertical vibration. All of this can be done by 
a single variable speed vibrator located in one 
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Figure 8(a). Static position 
of the frame 
Figure 8(d) . Mode 3 
Figur e 8(b ) . Mode 1 
Figure 8( e). Mode 4 
F igure 8( c ) . M ode 2 
Figure 8(f ). M ode 5 
(First vertical mode )' 
Figure 8. Natural modes of a four- story building frame 
position. The motor is on the first floor beam 
at X, as close to the column as possible. In 
that location, the mass of the motor is 
relatively unimportant in vertical frequencies 
but is not coincident with the column line as 
that would make it impossible to show any 
vertical oscillation mode. 
The motor is driven from any 0-12 d. c. 
volt variable source. As the motor speed is 
increased from zero the frame will start to 
vibrate in its first transverse mode shown in 
Figure 8 (b). This mode has no point of zero 
displacement in the columns apart from the 
base. Then as the motor speed is further 
increased (to do this it may be necessary to 
stop the previous vibration momentarily by 
hand to release the "locking" action referred 
to above) the second critical mode will appear 
as shown in Figure 8 (c) and has one point of 
zero displacement in the columns. Continuing 
this process it is a simple matter to demon-
strate the third, Figure 8 (d), and fourth 
critical modes, Figure 8 (e), and as the frame 
is effectively a four-degree-of-freedom 
system in transverse vibration, these repre-
sent the only four modes possible. 
The eccentric has two degrees of freedom, 
being equally capable of exciting transverse 
and vertica l vibrations. and by increasing the 
motor speed even further, the first vertical 
mode appears as shown in Figure 8 (f). 
Figures 8 (b) to 8 (f) show how the vi-
bration appears, especially with the higher 
modes where the high frequency produces a 
blurred image. A somewhat neater way of 
demonstrating the modes is to use a variable 
speed strobe light which enables the apparent 
frequency of the vibration to be slowed down 
or stopped. Once this is done the student can 
study not only the structural action of the 
various members of the frame as the vi-
bration is taking place, but also see more 
clearly the exact shape of the mode. For 
example, without a strobe light it is difficult 
to show the phase relationship of displace-
ments between the four beams. In the fourth 
transverse vibration mode of Figure 8 (e), it 
could be argued that adjacent floors are out of 
phase, but by slowing the motion down with a 
strobe light the phase relationship is made 
quite clear. 
If a strobe light is going to be used it is 
important to remember that frequencies below 
about 10 c.p,s.should be avoided as they are 
hard on the eyes. It should also be re -
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membered that the small electric motor will 
have a useful frequency range. An inexpensive 
motor cannot be driven easily at low frequen-
cies, and it may be found unsuitable for 
exciting the first critical mode of the frame. 
In this case one may have to resort to manual 
demonstration. Also the motor has an upper 
frequency limit. All of these factors con-
sidered, a demonstration model should be 
designed in such a way that the vibration 
phenomena to be shown will lie between about 
10 and 600 c.p.s. This is well within the range 
of the equipment discussed. 
Figure 9('a). 
Equilibrium position 
Figure 9(b). 
Vibration showing 
movement during 
1I5th of a second 
Figure 9. Vibration of a vertical cantilever 
showing the effect of a tension and compression 
on natural frequency 
Another feature of beam vibration worth 
demonstrating is the effect of tension or 
compression on the natural frequency of a 
26 
beam system. One method of doing this is 
suggested in Figure 9 where two .identical 
splines AB and AC are rigidly fixed to the 
board at A, and two identical masses are then 
attached to the free ends of the beams at B 
and C. Apart from the effect of the com-
pressive and tensile forces in the beams 
caused by their weights, the two independent 
systems should vibrate at the same frequency; 
that they, in fact, do not is easily seen by 
displacing the two weights the same amount 
by hand and releasing them simultaneously. 
The effect of the compressive force in AB 
on the natural frequency of this beam depends 
on how close the force is to the first critical 
value of end thrust when considering the 
cantilever as a strut. The demonstration is 
most convincing when the mass approaches 
this first critical value, as the frequency of 
AB then approaches zero. This is a demon-
stration where the relative values of two 
frequencies can be seen by eye without the 
need of a strobe lamp provided the frequen-
cies are kept low e nough. 
Table l 
A Suggested List of Parts Forming a Complete 
Kit to Go with Two Display Boards 
Part No. Material Suggested Number 
2 .1 70at6in. crs. 
2.2 Brass or 
2.2A 234 at 3 in. crs. 
2.3 Aluminum* 20 
2.4A Aluminum 20 
2.4B Aluminum 10 
2.4C Aluminum 10 
2.5 Aluminum 40 
2.6 Steel 40 
2.7 Aluminum 40 
2.8 Aluminum 10 
2.9 Aluminum 40 
2.10 Aluminum 4 
2 .11 Aluminum* 10 
2.12A Aluminum 10 
2.12~ Aluminum* 5 
2.12C Aluminum* 5 
2.13 Aluminum 4 
2.14 Aluminum 4 
2.15. Aluminum 10 
2.16 Steel 10 
2.17 Steel 5 
2.18 Brass* 40 
*in these parts the screws and rods are of 
s tee 1. 
F. Special purpose IAodel s 
There are many worthwhile demon-
strations within the field of elastic theory 
that are quite outside the scope of the kit of 
parts described in this chapter, and for such 
demonstrations special purpose models have 
to be constructed. 
Consider for example the problem of web 
buckling in a plate girder due to shear forces 
in the web and along with this the function of 
web stiffeners. This type of phenomenon is 
most easily shown by a single-purpose model 
designed to fail by web buckling in such a way 
that even at failure the stresses in the web 
are within the elastic limit. Such a model is 
shown in Figure 10. 
This model is designed as a comparative 
demonstration. It is symmetrical about its 
mid-span apart from the web stiffeners; one-
half {DE) is unstiffened, and the other half 
{AD) is stiffened with intermediate stiffeners 
at B and C. There are end stiffeners at A and 
E, and a central stiffener at D. The over-all 
dimensions are 36 1/ 2 in. long by 3 1/2 in. 
deep. By loading the beam with a vertical 
point load at D there is a direct comparison 
between the action of an unstiffened web and 
that of a stiffened web. As the force is in-
creased from zero, buckling first appears 
over length DE in a manner similar to that 
shown in Figure 10; at the same time there is 
no evidence of buckling over the stiffened half 
of the beam. Then the buckling of a stiffened 
web can be demonstrated by moving the point 
force towards support A. In this way a heavy 
shear can be applied across a stiffened panel 
without causing excessive buckling in the un-
stiffened half of the beam. 
Both of these features can be seen in the 
single demonstration of Figure 10. The point 
force provided by the screw at C applies a 
shear across panels AB and BC sufficient to 
cause buckling in the form of a diagonal 
crinkle in the web of both panels. This same 
force at C causes a constant shear of smaller 
value over length CD presenting a direct com-
parison of stiffened and unstiffened webs. The 
unstiffened length DE exhibits web buckling in 
the form of inclined crinkles, and length CD 
between the stiffeners shows no such failure. 
This beam is made out of 3/8-in. by 3/8-
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Figure 10. Model I-beam showing the buckling modes of stiffened and unstiffened webs 
due to shear forces 
in. by 1/8-in. aluminum alloy angles, which 
back-to- back form both the flanges and the 
stiffeners, and a O. 003-in. -thick stainless 
steel shim stock web. The shim is hard 
enough to show the buckling phenomenon with-
out being overstrained by the forces involved 
in this demonstration. It is also thick enough 
to be reasonably flat and free of initial crinkles 
after being assembled in the beam. To get 
sufficient grip between the web and flanges 
l / 8-in. -diameter screws at l /2-in. center::? 
are used over the entire length of both flanges. 
The angle supports at A and E and at the 
screw at C are straining blocks {Part 2.12A). 
The board and its fittings are designed in 
such a way that they can be used to supply 
support and straining facilities for special 
purpose models of the kind shown in Figure 
10. 
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Medium Grade Emery Paper 
Cemented To Surface. 
This Face Machined Normal 
To Axis Of Bolt. 
0 .06~ 1.. 1.03 
_}-24 NF-2 8 
PART 2.1- HEXAGONAL 
--r· 11s .. Not•) 
NOTE : 
HEAD BOLT 
~ -24 NF-2 8 
i Dia. Hole (Ream) 
--1. -These Dimensions For Use With f Thick Board . For Thicker Boards 
These Must Be Reduced. 
PART 2.2- HEXAGONAL JAM NUT 
I ro 06 (See Note) i Dia. Hole 
1.00 
_J 
PART 2.2A- WASHER 
Part 1.3.2 
Knurled Finish 
Part 1.3.1 
5-44 Threads 
0.31 1.34 
NOTE: 
5-44 Tapped Thru 
3-56 Tapped For No.3 
Headless Hex. Socket 
, Set Screw 0.25 Long. 
I. The Steel Shank 1.3.1 Is Screwed Into The Aluminum Head 1.3.2 
And Permanently Held By Set Screw. 
fr034~ 9 
PART 2.3 - FIXING BOLTS 
10° 
> 1 
..Q..5Q.L 
0.499 
_l 
PART 2.5 - WEDGE NUT 
'
5-44 Threads 
~ob h~ii@rn~l'il ll o.su •• I 1.so ~~ , 
-j 
5-44 Tapped Thru 
PART 2.6 --JUNCTION BLOCK SCREWS 
29 
30 
0 .78 
0 .84 
ol59 D 
~ O-r57 0 .75 
10° Taper 
SECTION X-X 
I 
I 
Lx 
-t Dia. Hole 
PART 2.4A-SLOTTED JUNCTION BLOCK-TYPE A 
Section X-X As In 
Part 2.4 A Except 
For Slot Location. 
PART 2.4 B-SLOTTED JUNCTION BLOCK-TYPE B 
Section X-X As In 
Port 2.4A Except 
For Slot Location. 
PART 2.4C-SLOTTED JUNCTION BLOCK-TYPE C 
Slots 
31 
n 5-44 Tapped Thru 
T7 
0.75 D____, =-------- +-==-....... -
PART 2.7-· GRIP NUT 
5-44 Tapped Thru 
T7 
0.75 Ll ___ 
~0.22~ 
PART 2.8 -- HALF GRIP NUT 
110.12 
I 
0 .75 Dia. 
_l 
PART 2.9--SPACING WASHER 
32 
0.38 
I l Ii 
2.00 
4 .76 
2 .00 
ntn 
w 
PART 2.10-- DEFORMER BLOCK 
5-44 Tapped Thru 
0.62 
1.44 0 .0625 
L 
0 .38 
0 .035 
0 _040 Slots, 0 .62 Deep. 
1k Dia. Holes (Thru). To Be 
In Same Planes As Slots. 
PART 2.llA--RELAXATION BLOCK 
• 
0.44 
n. 
1.75 
PART 2.11 B - SCREW 
0.44 
in . 
5-44 Threads 
I o· It 10· r Rounded Ends 
I 1=.. ==-----s.oo _s --j· 
PART 2 .11 C -- NEEDLE POINTER 
Port 2 . 11 A 
PART 2. 11 C 
PART 2 . 11 8 
PART 2.11 -- RELAXATION BLOCK ASSEMBLY 
33 
34 
I 
32 Slot 
Topped Thru 
5-44 Topped Thru 
0.22 
0.44 
0 .38 
1. 25 
These Dimens ions Held 
By J ig Bor ing The Holes. 
~------t 
II I I 
~ n 0 .34 
0 .3 8 I. 1.34 
0 . 7 6 
PART 2. 12 A--STRAINING BLOCK 
r 
L 
.I 
These Dimensions Held 
By J ig Bor ing The Holes. 
I. 0 .75 0 .88 .. ! 
0 .28 3-56 Tapped For No. 3 Headless Hex . 
Socket Set Screw, 0 .25 Long, 2 Req1d. 
- ----+-- ~ Dia. Steel Rods, 1.13 Long\ 
Held By Set Screws, 2 Reqd. 
L--~-------
' 
0 .75 
0.38 
PART 2.128--FIXED END SUPPORT 
• 
0 .75 
35 
0 .44 
-------+--+ These Dimensions Held By Jig Boring The Holes . 
0.38 
0 .88 
3-56 Topped For No. 3 Headless Hex . 
Socket Set Screw, 0 .25 Long, 2 Req'd . 
~-------i-- i Dia . Steel Rods, 1.13 
Long, Held By Set 
Screws, 2 Req'd . 0 .75 
l I 0.38 i 
PART 2.12 C -- KNIFE EDGE SUPPORT 
0.50 Radius 
~ t Radian 
• 
~ 1 Radian 
J 
y 
PART 2.14-- MOMENT DEFORMER 
36 
Port 2 .13 B (2 Req'd.) 
2 .00 
1.59 
Port 2. 13 A 
( 2 Req'd.) Port 2 .13 C (4 Req'd.>]see Notes 
Port 2 . 13 D (4 Req'd.) Below 
PART 2 13 --SHEAR DEFORMER ASSEMBLY 
C sk. For Flot 
Hd. Moch. Screw r 1 ~ D,io. Holes 
r-n ......... -+.,~·------.,--f( Far Side) 
[---4, • I 
I Q.f' 0.49 
• 0.09 ~ 
ft=
/; ?s~! Note 2 > !lr0.06 
II~ 
lf==tl" 
0.06 
PART 2.13 A 
SHEAR DEFORMER BLOCK 
/0-80 Topped Thru 
0 .06R~ _/ 
~cf---~~ 
~ 1.59 -1 
j, Thkk t .. ~"""":·.~l"""'"""""J 
PART 2.13 B 
SHEAR DEFORMER STRAP 
NOTES : 
I. Screws And Lock Nuts To Be So Assembled 
That Port 2 .13A Is Free To Rotate With 
Respect To Port 2 .13 B. 
2. Slots Should Be A Light Force Fit To A ~2 Spline. 
3. Ports 2 .13A Held Parallel By Ports 2.13B . 
4. Ports 2.13C Are 0-80 Thread Bross Flot 
Head Machine Screws, 3/16 Long. 
5. Ports 2.13 D Are 0-80 Thread Bross 
Lock Nuts. 
l 
2 69 
0.38 0 .63 0 .63 
Min. r-z 
I 
I 
_j_ 
p1!1bl 
:\'11 \I\ - - I 4 1a. I I 0 · 
----, _____,! 
Lz ~5-44 Th•eods 
SECTION Z-Z 
(Enlarged) 
These Port ions To 
Be Removed . 
PART 2.15-INTERMEDIATE KNIFE EDGE SUPPORT 
0 .63 
0 .25 
Min . Radius {Typ.) 
0 .385Ref. 
---l r---0.125 Dia. j__~5-44 Th••••• 
0.25 ""-
1 Brass - To Be Force 
Fit To Steel Hook. 
1
1
6 Di a. Steel Rod Bent To Shape 4 0.30 
t 
PART 2.16-- FULL WIDTH WEIGHT HOOK 
0 .81 
j 
37 
38 
0 .25 
1 ~ Dio. Steel Rod Bent To Shape 
0.21 
0.12 
0 .31 
t 
I 
--j 0 .14 
See Drowino Of Port 2 . 16 
Min . Radius (Typ.) 
0 .88 
PART 2.17-0NE-THIRD WIDTH WEIGHT HOOK 
Knurl 
'------1/8 Dia Brass Rod, 3/8 Long, With 
0.38 
5-44 Thread Placed In 5-44 Tapped 
Thru Hole And Held Fixed By No. 3 
Headless Hex . Socket Set Screw ( 1/4 
Long) In 3-56 Tapped Hole. 
PART 2.18-- UNIT WEIGHT 
Ill. PLASTIC THEORY MODELS 
A. Introduction 
The simple plastic theory as applied to 
steel beams and steel frame structures 
assumes that such structures will collapse as 
a mechanism by developing a number of 
"plastic hinges." The calculation of collapse 
load by this theory thus depends on finding the 
correct mechanism of failure, that is, of 
finding the correct number and exact lo-
cations of the hinges for any given condition 
of loading. A preliminar y s tudy of a frame 
for plastic failure may show many possible 
(and even probable) colla p s e modes, each 
with its own associated load; the correct 
solution to the problem then depends on 
finding that mode associated with the minimum 
failure load. Thus, as in elastic buc k ling, it 
is the mode that is important. Once this has 
been determined the collapse load follows 
automatically, and again the mode can easily 
be demonstrated to an audience. The prime 
purpose of the kit described in this section is 
to provide a wide range of beam and frame 
models showing collapse modes for any in-
plane load sys tem and specifically showing 
that mode associated with the minimum 
failure load in any one problem. The kit is 
thus more specialized in its application than 
Kit No. 1, a s i t deals with only one aspect of 
s tructural behavior and analysis . 
The kit i s designed around the concept of 
making model beams from bloc ks h e ld t o-
gether b y an axial tension applied by means of 
rubber tendons. The amount of initial strain 
in the tendons must be sufficiently large to 
ensure that the tensile force remains sens ibly 
constant as the beam deforms due to the 
formation of hinges. A hinge can form between 
any two adjacent blocks, thus there is only a 
small restriction in the location of the hinges 
in a model whereas with the steel frame there 
is no restriction whatever. Se e Figure 11. 
Two standard beam depths are provided 
(3/4 in. and 1 in.). With these two sections, 
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Fig ure 11. E x plo d e d v i ew of joint be tween 
1- in. b e am and ju n c tion b loc k, a l s o thr ee 
1-in . beam units 
and also b y varying the force in the t e ndons , 
a wide range of hing e moments can b e pro-
vided. These sections can be made into unit 
beams and columns of any required leng th b y 
fitting a plate at each end as a means of 
anchoring the rubber tendons. The beams can 
then be bolted together by junction bloc ks to 
form continuous beams or frames. 
l•Dl!IDllllDllDllllBliiRI 
1 S . . t A 
F igu r e 12 . Mod el beam unleaded 
The models a re cons tructed and displa ye d 
on the same board as that us e d in Kit No. 1, 
henc e the 6-in. or 3 -in. grid is a gain used as 
a basis for the geometr y of any mode l. 
Vertical point loading i s applied b y t he brass 
weights of Kit No. 1, and in-plane loading in 
any direction can be provided by means of 
these weights and small pulley assembles. B y 
this means the total effect of simultaneous 
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MOMENTS AT COLLAPSE 
Figure 13. Collapse mode of beam due to 
critical value of W X (Beam pinned at A and on 
roller at B) 
vertical and horizontal loading on the collapse 
modes of frames can be demonstrated. 
B. Desi gn Considerations 
There are three important factors to be 
taken into account when designing a demon-
stration model to display modes of plastic 
failure in steel frames. 
1. Non - destructive 
The model should be re-usable, and this 
demands that the required plastic charac-
teristics be shown by elastic action. Any 
model should be capable of showing more than 
just the primary mode of failure, and clearly 
if discovering the different possible modes is 
a necessary part of the demonstration, the 
model should not be a "once only" structure 
which collapses by overstrain. This is also 
important from the point of view of expenses. 
Any frame model is expensive, and to provide 
a series of collapse models to show all that 
needs to be demonstrated in connection with 
plastic theory is usually not practicable. 
Short of having a material whose stress-strain 
characteristics within its range of elastic 
action approximate the idealized elastic-
MOMENTS AT COLLAPSE 
Figure 14. Collapse mode of beam due to 
critical value of W X (Beam fixed at A and on 
roller at B) 
MOMENTS AT COLLAPSE 
Figure 15. Collapse mode of beam due to 
critical values of WX. and WY (Beam fixed at 
A and on roller at BJ 
,J 
plastic characteristics of steel (Figure 26 (a), 
the only solution to this problem is to make a 
discrete model in which hinges can develop at 
pre-determined points. 
2. Hinge Formation 
Following the above requirement, it is 
essential that there should be a s little re-
striction as .possible on the location of hinges. 
There are models in existence with provision 
for the formation and measurement of hinge 
moments at the ends and center of the beam. 
But the serious restriction this imposes on 
the mode or modes of collapse defeats the 
purpose of a collapse model. The solution of 
this, together with that of the non-destructive 
requirement' above, is obviously a matter of 
compromise. The shorter the block length, 
the greater the freedom of hinge location, but 
this decreases the machining tolerance. In 
the kit described a block length of 1/2 in. is 
used. Even at this length the machining 
problems are considerable, as without ex-
treme care in aligning the knife-edges and 
grooves on the block faces a frame structure 
composed of beams and columns will not clos e 
without play in the joints. 
3. M1 n Characteristic 
The moment/ rota ti on c haracteris t ic of t h e 
hinge must be comparable t o the full y plas t i c 
moment/ rotation characte ristic of a s tee l 
beam. 
Ta king the M / G curve for a steel bea m a s 
that shown in Figure 26 (b), a s te e l b eam or 
frame structure is assume d in the s imple 
plastic theor y to develop a s e t of hing e s that 
are operating on the full y plastic part of the 
curve, where at every hinge there is a con-
stant moment~ with incr e asing angular 
rotation G. The steel characteristics are 
assumed to be those of Figure 26 (a). From 
the point of view of this full y plas tic mecha-
nism, the elastic and the elasto-plastic 
sections of the curve are unimportant, and it 
is assumed that no strain hardening occurs. 
The problem of designing the model is chiefly 
that of devising a simple elastic hing e with the 
M / G characteristics of the form shown in 
Figure 27. This shows no rotation until M 
reaches a pre-determined value M', at which 
G increases without further increase in M. 
The simplest solution found to this 
41 
R 
Due To w 
MOMENTS AT COLLAPSE 
Figure 16. Collapse mode of propped canti-
lever due to lowering the support at B 
MOMENTS AT COLLAPSE 
F igu r e 17. Collap se mode of pro pped canti-
l eve r due to r aising the suppo rt a t B 
problem is that s hown in Figure 28 which 
consists of a series of bloc ks hinging on 
knife-edges K 1 and K2, and held together b y 
tendons T 1 and T 2 which have the same 
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MOMENTS AT COLLAPSE 
Figure 18. Collapse mode of a continuous beam due to critical value of W y (Beam on rollers 
A, B, and C, and fixed at D) 
tension T. When a moment Mis applied to 
the system, there is no rotation or opening of 
the block until the value of M exceeds Td 
(where d equals the distance from the tendon 
to the opposite knife-edge). When M = Td a 
hinge forms, and provided T and d remain 
constant as the hinge develops M remains 
constant. The value of T will remain sensibly 
constant provided a high initial strain is used 
in the tendons; this means that the change in 
strain in the tendons due to the deformation 
of the beam is small relative to its total 
strain, and hence the change of force small 
relative to its total value. Dimension d 
remains reasonably constant provided the 
tendon is trapped in a small duct. If the 
tendon is outside the beam and free to remain 
straight as the beam deflects the value of d 
decreases as the beam deflects and the 
restoring moment decreases instead of 
remaining constant. Hence the tendons must 
be restrained to deflect with the beam. As 
designed, the tendons rest on the inner sides 
of the ducts (in each case this is the side 
nearest the center-line of the beam) and in 
this way the value of d remains fairly constant 
as the hinge forms and at the same time there 
is space enough in the duct for thicker tendons. 
This arrangement induces friction between the 
tendons and the duct walls, but it does not 
appear to have an appreciable effect on the 
successful performance of the model. The 
knife-edges are necessary as a means of 
maintaining shear equilibrium across the 
section as the hinge develops. 
4. Minimum Weight 
The self-weight of the structure should be 
kept to an absolute minimum. Ideally a 
demonstration model should be weightless so 
that the effects of superimposed loading alone 
can be demonstrated, but clearly this is not 
possible. The best that can be done is to keep 
the weight to a minimum and the hinge moment 
a maximum. This means that the self-weight 
of the structure is a minimum relative to the 
superimposed loading. The beam arrangement 
is designed with this in mind. An I-beam 
section was selected (Figure 11) as b y using 
the flanges for the knife-edges and the knife-
edge seatings, sufficient transverse and 
torsional stability can be developed for the 
construction of a frame. The tendon ducts 
are also in the flanges, and to facilitate this 
a fillet is used between flange and web. This 
, 
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MOMEN TS AT COLLAPSE 
Figure 19. Collapse mode of a continuous beam due to critical values of W X' WY' and W Z 
(Beam on rollers at A, B, and C, and fixed at D) 
design keeps the self-weight to a minimum 
consistent with providing adequate torsional 
and transverse stability. 
Even with this effort to keep the self-
weight to a minimum, the effects of self-
weight should not be overlooked. It is not by 
any means a negligible factor compared with 
the superimposed collapse loading; at times 
it may even influence the precise location of 
the hinges as the hinge must form at the 
point of maximum moment, and this moment 
is made up of both superimposed load and 
self-weight effects. 
C. Design and Construction of the Kit 
Full details of all component parts of the 
kit are given in the drawings. 
As mentioned on page 55, extreme care 
must be taken in making the basic beam 
blocks (Parts 3.6 and 3.7) if the assembled 
model is to be straight, in-plane, and without 
play at the joints. The machining operations 
for these parts must be studied in detail with 
a view to maintaining the tightest possible 
control on all the tolerances. Referring to 
Figure 29 it can be seen that a high degree of 
accuracy must be maintained in connection 
with the following requirements. 
Requirement 1. Knife-edge K 1 must be 
exactly parallel to groove G 1. 
Any rotation of G1 about the X axis relative 
to K1 will result in the assembled beam being 
twisted about its axis. If there is any rotation 
of G1 about the Y axis relative to K 1 the 
assembled beam will be bowed out of its 
vertical plane. 
Requirement 2. Line AA Joining the knife-
edges must be exactly parallel to line BB 
joining the groove seatings. 
Any rotation of BB relative to AA will 
result in the assembled beam being bowed in 
its vertical plane. 
Requirement 3. Dimension 'h' must be 
kept as accurate as possible. 
Any error in this dimension is magnified 
44 
Figure 20. Two-story frame supporting a 
value of HA less than critical 
Figure 22. Collapse of lower story due to 
critical values of HA and HC 
by the number of blocks in any beam assembly, 
resulting in a noticeable error in the beam 
length. 
Requirement 4. Dimension dK, the knife-
edge centers, must be exactly the same as 
de, the groove centers. 
Any error in this, no matter how slight, 
will cause play in the assembled beam. This 
will be seen as a noticeable initial deflection 
in the beam at small loads as the loading 
Figure 21. Collapse mode of two- story frame 
due to critical value of HA 
Figure 23. Collapse of upper sto ry due to 
critical values of HA and HD 
overcomes friction in the hinges and the 
blocks shift position from seating on one 
knife e d ge to sea ting on the other. 
With a view to meeting these machining 
problems, the following operations are 
suggested. These were used in making the 
components shown in the models of Figures 
11 through 25. 
Operation 1. A long vise is made, capable 
of holding a 2 0-in. length of 1-in. by 1-in. 
Figure 24. Change in collapse mode due to 
self-weight effect at large displacements 
aluminum stock. This is designed to be 
clamped to the table of the milling machine, 
and in it operations 2 through 6 are carried 
out. 
Operation 2. Lengths of 1-in. by 5/8-in. 
and 3/4-in. by 5/8-in. aluminum stock are 
prepared using a flat cutter. 
Operation 3. The flange-web-fillet 
geometry is then formed using one cut per 
side with a specially prepared cutter {cutter 
'A' in Figure 30 {a)). This cutter is prepared 
from a standard flat cutter by grinding 45° 
chamfers off each corner. 
Operation 4. The I-section is then cut 
approximately into block lengths. 
Operation 5. The blocks are placed cut-
face up, machined flat, and the V-grooves 
milled. The 90° grooves are milled in one 
operation using cutter assembly 'B' {Figure 
30 {b)). 
Operation 6. The blocks are reversed and 
the knife-edge faces prepared in one operation 
using cutter assembly 'C' {Figure 30 {c)). 
This assembly is prepared by grinding 15° 
chamfers off the corners of standard flat 
cutters. 
Operation 7. The ducts are then drilled 
individually, using a vertical drill. 
As dK must be exactly the same as de 
{Figure 29), the centers of the points of the 
90° cutters in assembly 'B' must be exactly 
the same as the width of the center cutter of 
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Figure 25. Collapse mode of a two- stor y 
frame due to critical values of simultaneous 
horizontal and vertical loads 
assembly ·c·. In setting this up it should be 
noted that using the nominal dimensions of 
cutters does not give sufficient accuracy. The 
correct procedure is to start with cutter 
assembly 'C', and then adjust the centers of 
the 90° cutters in assembly 'B' to match this. 
This has to be done by trial and error, using 
trial cuts, until there is no play when the 
knife-edges are in their groove seatings. 
The junction block {Part 3 .1) and anchor 
plates {Parts 3.2 through 3.5) are designed in 
such a way that the hinges can form as close 
to the end of the beam as possible, compatible 
with over-all simplicity of design. The fir s t 
hinge, between the anchor plate and the beam 
unit, is 3 / 4 in. from the center of the junction 
block. When a beam is built into a frame 
system, the length of the beam can then be 
1 1 / 2 in. plus any multiple of 1 / 2 in. On 
account of the grid system used in the board, 
the beam length measured between column 
centers will usually be a multiple of 6 in. or 
3 in. 
D. Constructing a Model 
A demons tra ti on mode 1 is constructed in 
two stages: 
Stage 1. Assemble the individual beams 
and columns. 
This is done by assembling the correct 
number of beam units and two matching 
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Figure 26(a) . Material s tres s-strain char-
acteristic 
anchor plates. A rubber tendon is then 
threaded through each duct and anchored at 
each end using small steel pins . The value of 
the hinge moment is determined by the final 
tens ion in the tendons, and this can be s e-
lected b y the correct choice of rubber band. 
Bands used in the models shown were supplied 
by the Dykema Rubber Band Co., 42 8 - 32 N . 
Craig St., Pittsburgh 13, Pa. The bands had 
the following reference numbers, 0104, 0105, 
0106, and 01070R, and all were 1 / 8-in. wide . 
The unstretched lengths of these bands are 4, 
5, 6, and 7 in. respectively, and as used in the 
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Figure 26(b) . M oment-rotation characteristic 
at any section in a steel beam 
b eams the y are stretched to approximately 
twice their original length . Bands with 
identical characteristics should b e used in 
both ducts s o that the hinge moment will have 
the same value in both directions. 
Stage 2. Assemble the frame on the dis-
play board. 
The procedure here is not unlike that used 
for constructing a spline model. At each node 
point on the board where there will be a frame 
joint or a support point a spacing washer 
(Part 2 .9) and a grip nut (Part 2.7) are con-
nected to the board b y means of a fixing bolt 
(Part 2.3) screwed through from behind. Into 
the grip nut a junction block screw (Part 2.6) 
is fitted. A junction block (Part 3 .1) is then 
fitted over this screw and bolted into position. 
The beams and columns previously assembled 
in Stage 1 are then connected to the junction 
blocks by two 1/2-in. 5-44 screws through 
each anchor plate. 
The board is then erected on its angle 
brackets and the connecting bolts removed 
from every floating joint in the model. The 
model should now be plane at a clearance of 
1/8 in. from the board node points, and ready 
for use. 
E. Use of the Kit in Teaching 
The following discussion covers the chief 
uses that can be made of this kit in teaching 
structural analysis. It should be remembered 
that the scope of the kit is narrower than that 
of Kit No. 1 in that it only demonstrates hinge 
formation at collapse. The order of magni -
tude of the collapse load can be seen by the 
number of unit weights applied to the model. 
This may be useful in certain demonstrations, 
but we are primarily interested in the collapse 
mode, i.e., in the number and precise lo-
cation of hinges in any demonstration. 
The kit can be used in two general ways: 
(1) to demonstrate the principle behind the 
simple plastic theory (The purpose in this 
case is to show the basic concept of hinge 
formation and the state of neutral equilibrium 
of the structure at the point of collapse. This 
is best done with the simplest models possible, 
and examples can be seen in Figures 12 
through 14), and (2) to demonstrate the col-
lapse modes in more difficult problems. 
(This type of demonstration is intended to 
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formation and neutral equilibrium, the effect 
of boundary conditions, and the effect of self-
weight, continuity, and the collapse modes of a 
frame. 
l. Hinge Formation and Neutral Equilibrium 
The basic concept behind the plastic theo-
ry is that at collapse a state of neutral equi-
x x' 
xx' 
__ T (Constant) 
JM 
_. r (Constant) 
w 
show the validity of the theoretical solution to M 
a more complex problem. The theoretical 
problem being that of finding the precise col-
lapse mode, the model will show whether or 
not the mode corresponding to the minimum 
collapse load has been predicted by the analy-
sis. The order of magnitude of the collapse 
load may or may not be useful in this type of 
demonstration. Examples of this can be seen 
in the continuous beam models of Figures 18 
and 19, and in the frame model of Figures 20 
through 25). 
Specific demonstrations are now discussed, 
each model being intended to show one of the 
following aspects of the general theory; hinge 
e 
Figure 2 7. Moment- rotation characteristics 
at any hinge in a beam composed of pre-
tensioned blocks 
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librium exists between the external static 
forces and the structure's resistance to de-
flection as offered by a set of plastic hinges. 
This means that within the usual small dis-
placement limits, when forces within the 
structure are assumed not to change with the 
deflection of the structure, the structure as a 
mechanism is in a state of neutral equi-
librium and the magnitude of the collapse 
mode is unimportant. This condition exists 
most accurately in a beam structure s ubjected 
only to normal loading. In this ca s e, where 
there are no axial forces present, the 
moments for a wide range of move1nent are 
not dependent on displacement. Thus at 
collapse the state of the system approximates 
one of neutral equilibrium. 
This can be demonstrated in the simple 
beam structure of Figures 12 and 13 . ABY 
a beam model, simply supported at A and B, 
and loaded with a vertical point load Wx at X. 
The moment diagram is thus a s imple triang le 
with the maximum value of moment at X. W X 
can then be increased until Mx = M' the hing e 
moment, at which Wx = WX. the collapse load. 
Once this is reached, the deflection of X is 
indeterminate. The sys tern, which within 
certain limits is in a state of neutral equi-
librium, will remain in any displaced position, 
AX and XY being straight lines. In practice 
with the model as designed, the limiting de-
flection of X for neutral equilibrium is in the 
order of 1 / 2 in. when AB is 12-in. long; after 
this the friction between tendons and the duct 
walls at the hinge increases the moment at the 
hinge - not unlike the effects of strain harden-
ing on the plastic moment of resistance of a 
steel beam. 
The effects of altering the boundary con-
ditions at both A and B can be shown on the 
same model. For example, the case of A 
being a fixed support and B a knife-edge 
support is shown in Figure 14. In this case 
two hinges must form for the collapse of beam 
AB, and from the form of the moment diagram 
it is obvious that these will be located at A and 
X and will be of opposite signs. The state of 
the structure at collapse is shown together 
with the moment diagram. By considering the 
static"neutral equilibrium of the system, it 
can be shown that the value of w;,_ causing 
collapse in this case is 1.5 times its value in 
the previous case of Figure 13, and the 
number of unit weights used shows this to be 
in the right order of magnitude. 
It can now be demonstrated that the 
addition of any vertical load in BY will in-
crease the stability of AB. If the beam is in 
the collapse state of Figure 14, the addition 
of any small weight at Y returns the entire 
sy~tem to its undisplaced position, and thus 
Wx must be increased to produce collapse. 
The maximum increase this can cause in the, 
collapse load at Xis shown in Figure 15. Wy 
is the collapse value of WY• where BY is 
considered a simP,le cantilever with the hinge 
forming at B. Wx is then that value of Wx 
which will cause two further hinges to develop 
at A and X. There are thus three hinges in 
AB. The moment diagram at collapse is 
shown in Figure 15 and from this it can be 
seen ~hat W .;;,_ in this case is twice the value 
of Wx in the case of Figure 13 . 
2. Effect of Self- Weight 
So far in the demonstrations discussed in 
Section 1. the effect of the s e lf-weight of the 
model has been ignored. But it should be 
remembered that this factor may or may not 
be negligible. 
At collapse the hing e patte rn depends on 
the location of the points of maximum moment, 
and this in turn depends on the superimposed 
effects of self-weight a nd applied loading. In 
many cases the self-weight effect is small 
and acts in the same general direction as the 
applied loading. In such cases it causes no 
shift in the position of the hinges. However, 
in some cases, especially in long beams where 
the self-weight is a significant factor or where 
the direction of the superimposed loading is 
quite different from that of the self-weight, 
the precise location of the hinges may be quite 
different from that given by the superimposed 
loading acting on a weightless structure. This 
effect is most easily seen in the cantilever 
beam of Figures 16 and 17, but it should be 
remembered that this phenomenon could affect 
any demonstration. 
Figure 16 shows a propped cantilever beam 
AB, fixed at A and supported on a knife-edge 
support at B which is level with A. The 
moment diagram of this elastic system is that 
shown in which the total moment at any point 
in the beam can be considered the sum of the 
effects of w (the weight per unit length of the 
beam) and RB acting on a cantilever AB . 
As the support at Bis lowered R is re-
duced in value, thus the R component of the 
moment diagram is reduced in magnitude 
until the moment in the beam at A becomes 
the hinge moment. At this point a hinge 
forms at A, and any further dropping of R 
does not change the moments throughout the 
beam. In this case it is obvious from the 
form of the moment diagram shown that the 
hinge must develop at A, as this is the point 
of maximum moment. 
If however the support at Bis raised as in 
Figure 17 there is quite a different mode of 
failure, as the hinge does not necessarily 
form at A. The value of R increases, and thus 
the R component of the moment diagram in-
creases in magnitude until at some point in 
the beam the value of M' {the hinge moment) 
is reached. From the form of the moment 
diagram it can be seen that it is quite possible 
for the hinge to form somewhere within the 
span and not necessarily at A. When this 
happens the hinge is not forming at a sharp 
cusp in the moment diagram thus there is not 
such a decided hinge point as in the previous 
cases . This can be seen in the model as an 
opening of more than one hinge joint. This 
feature, namely the effect of a flat maximum 
to the moment diagram producing a spread-
out hinge formation, always occurs if there is 
a shift in the hinge location due to self-
weight . Thus if this feature does show up in a 
demonstration model where the applied loading 
is entirely composed of point forces and where 
self-weight has been neglected, it can be sus-
pected that self-weight is not negligible and 
that it is interfering with the hinge pattern. 
3. Continuity 
The effect of continuity has already been 
introduced in Section 1 by considering the 
influence of a cantilever end on the collapse 
load of a simple beam. This concept can be 
carried further to include the collapse of 
multi-span continuous beams. 
Figures 18 and 19 show a continuous beam, 
fixed at D, and on roller supports at A, B, and 
C. The section area of AB is less than that of 
BD, and thus the hinge moments over this 
length are also less. This factor must be 
taken into account in the plastic analysis of 
the system. 
In order to collapse BC by a central 
vertical point load Wy, it is necessary to 
form hinges at B, C, and Y. The hinge 
moment at B is to the left of the junction 
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Figure 28. Hinging of beam blocks 
y 
A B 
h 
G2 
-----
A B 
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block as this is the lesser of the two possible 
moments at this support. It should be noted 
that on account of the junction block arrange-
ment used in this model for connecting the 
individual spans, hinges cannot form exactly 
at the support points, but will form 3/4 in. 
away to one side or the other depending on the 
form of the moment diagram and the hinge 
moments at these points. In this example, 
due to the form of the moment diagram, the 
end hinges actually form outside the central 
span. This feature should be kept in mind 
when predicting hinge location on the model. 
Adding collapse loads Wx and W i_. 
{Figure 19) cannot alter the collapse load Wy provided the hinge locations are not 
affected by the collapse of the adjacent spans. 
No such change is possible if the hinges form 
exactly at the support points. However, the 
junction block arrangement used in these 
models does make a shift possible and con-
sequently makes possible a small change in 
the value of W y. This can be seen by com-
paring the collapse modes of Figures 18 and 
19. Adding W i, makes it possible for the 
hinge at support C to form on either side of 
the block whereas adding w;_ to collapse span 
AB causes no shift in the location of the hinge 
at support B. Both of these features can be 
predicted by studying the form of the moment 
diagrams. 
A model of this kind will introduce a 
student to the concept of a statically inde-
terminate structure becoming determinate at 
the point of collapse, and will show him how 
the collapse modes and loads can easily be 
predicted by studying the basic moment 
diagrams. 
4. Collapse Modes of a Portal Frame 
So far the demonstrations under Sections 
1, 2, and 3 have been mainly within category 
(1), which contained models showing basic 
principles behind the simple plastic theory. 
The use of a model in category {2), containing 
those showing the various possible collapse 
modes and specifically that mode associated 
with the minimum collapse load, can be seen 
in the problem of a two-story frame. 
Figure 20 shows a frame ABCDEF, and it 
is desired to show collapse modes for hori-
zontal loads, vertical loads, and also for 
certain combinations of these two. The hinge 
moments in beams AB and CD are the same 
and approximately 1.9 times the hinge 
moments in columns AE and BF. 
Consider first the problem of the collapse 
of the frame due to a single horizontal point 
load at A . Finding the value of the collapse 
force H.A depends on finding the correct 
collapse mode of the frame . In this case it 
means finding which of the three possibilities 
is the correct one. These three possibilities 
will be called Modes 1, 2, and 3 where the 
numbering is arbitrary and spec ifies the 
following collapse configurations: 
Mode 1 is the local collapse of the top 
story ABCD without a displacement of the 
lower story . This type of failure is shown in 
Figure 23, and Mode 1 thus consists of four 
hinges forming in the columns at A, B, C, and 
D. 
Mode 2 is the local collapse of the lower 
story CDEF without a shear-type displacement 
in the upper story . This type of failure is 
shown in Figure 22, and Mode 2 thus consists 
of 4 hinges forming in the columns at C, D, E, 
and F. 
Mode 3 is the total collapse of the frame 
by shear displacement in both stories. This 
type of failure is shown in Figure 21 and this 
Mode consists of 6 hinges, four of which occur 
in the columns at A, E, B, and F, and two 
which occur in the beam at C and D. 
The only question involved in predicting 
the collapse load is that of finding which of 
these three modes requires the minimum value 
of HA· 
From the statics of the system, it can be 
shown that HA is the same for all three cases 
when the hinge moment in the beams is exactly 
twice that of the columns. If this situation 
were to exist, the frame could start to fail 
equally well in any of the three modes. If the 
hinge moment in the beams is less than this 
the frame will fail in Mode 3, as the values of 
H ~in the other two modes are equal and higher 
than that of Mode 3 . This can be demonstrated 
on the model in the following manner. If force 
HA only is applied to the frame and set at 
collapse value then failure does occur in Mode 
3 as shown in Figure 21. However it does not 
require a large change in horizontal shear 
forces to alter the collapse mode, on account 
of the proximity of the collapse load s 
associated with Modes 1 and 2. For example, 
if a small horizontal force HD is applied 
acting in a direction opposite to HA this is 
sufficient to change the collapse mode into 
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Mode 1, which is the local failure of the 
upper story. This ls shown in Figure 2 3. If 
the same small horizontal force is applied at 
C in the same direction as HA the frame then 
collapses in Mode 2 by a local shear failure 
of the lower story. This is shown in Figure 
22. The c orrect solution for the mode at the 
start of failure is thus Mode 3. 
Once again the effect of self-weight can 
be demonstrated in a model of this kind inso -
far as it affects the hinge pattern. Clearly, 
when the structure exhibits an over-all shear 
displacement the self- weight of the frame 
comes into play in causing an increase in this 
displacement. Also, the moments thus 
caused are proportional to transverse dis-
placement for any mode. This self-weight 
effect will differ from one mode to another 
depending on the geometry of the mode, and 
in this particular problem it is greatest in 
Mode 2, least in Mode 1, and between these 
two in Mode 3 . 
When there is no force He or HD and the 
frame collapses by the application of a single 
force HA it has been shown above that b y a 
small margin Mode 3 is the collapse mode for 
small displacements. Howeve r, as the 
magnitude of displacement is increased, the 
influence of self- weight b ecomes greater, and 
as this operate s on Mode 2 to a g r eater extent 
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than on Mode 3, there comes a point where 
there is a change from Mode 3 to 2. This is 
within the region of unstable rather than 
neutral equilibrium. At the point where the 
mode of collapse shifts from Mode 3 to 2 the 
frame is in equilibrium in either of these 
modes. This phenomenon can be seen by 
comparing Figures 21 and 24. 
The combined effects of simultaneous 
horizontal and vertical loading and the collapse 
modes these may produce can also be shown 
on the model. Figure 25 shows the collapse 
of the frame due to concentrated loads on both 
floor beams together with two horizontal 
shear forces. This represents the kind of 
complex problem where a demonstration of the 
validity of the analytical solution for collapse 
mode can be of real value in instruction. 
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IV. PHOTO-ELASTIC MODELS 
A. Introduction 
There are many occasions in a general 
course on the theory of structures when the 
problem of local stress intensity becomes 
important, and hence it becornes advisable to 
have some means of demonstrating the order 
of magnitude of strain. 
For example, in the discussion of the 
effects of simplifying assumptions in an 
analytical solution, it can be helpful to show 
the actual response of a structure to loading 
and compare it with the results of simplified 
analysis. Practical examples of this are to 
be found in secondary bending effects in 
frames and (shear-lag) effects in structural 
connections both of which are often neglected 
in preliminary analysis. 
Another general area where strain level is 
important is in the discussion of fatigue 
phenomena and the fatigue resistance of 
structures and structural components. Here 
both stress level and stress gradient are 
important. Thus it becomes advisable to be 
able to demonstrate the effect, for example, 
of section geometry on stress level, and 
especially the local effects of sudden changes 
in section that act as stress rais ers . This 
topic is of prime importance when one is 
dealing with the design of structural con-
nections and their fatigue life. 
By far the simplest and most convincing 
means of demonstrating the order of magni-
tude of strain is by using the photo-elastic 
method . This has the advantages of being 
direct, suitable for projection for mass 
viewing, and of showing changing stress 
patterns over the entire structure as the 
loading is applied. This contrasts with any 
strain gage method where strains are 
measured only at predetermined points. 
The photo-elastic method is usually 
associated with expensive optical benches and 
the highly refined techniques necessary for 
precise quantitative analysis . However, the 
method is ideally suited to order of magni-
tude demonstration, and in this context the 
complexities of technique and equipment do 
not arise. With quite modest equipment on 
which to load and display the models, and with 
a very small expenditure of time for making 
the models themselves, quite adequate 
demonstrations can be prepared to cover a 
wide variety of requirements . Instead of the 
more usual optical bench arrangement, the 
light source, condenser, and lens system of a 
good 4-in. by 3 1/ 4-in. s lide projector can be 
utilized as this should be available in most 
departme nts. This type of s lide projector has 
an ideal optical system for projection as well 
as having an optical field large enough for us e 
with small models. 
In this chapter the desig n of the supple-
mentary equipment is discussed, namely the 
attachment to hold the polarizers and 
analysers and the plane straining frame for 
loading and supporting the models. Sug -
gestions are also made as to the type of 
model that can be used with this small bench 
equipment and the way these demonstrations 
can be used in a general course on the theory 
of structures. 
B. Design of o Smoll Photo- Elastic Pro · 
jector Bench 
The photo-elastic bench described in this 
section is designed to operate in conjunction 
with an independent optical system, this 
system being supplied by a standard 4-in. by 
3 1/ 4-in. slide projector . 
The type of projector chosen for this 
purpose uses a bellows between slide holder 
and lens housing rather than a metal casting . 
In the bellows projector there are two steel 
rods holding the projection lens housing, and, 
as the bellows can be removed when required, 
these form useful rails on which to support 
Figure 3l(a). Moments in a two-span con-
tinuous beam 
Figure 3l(b). Se condary bending in a stiff-
jointe d tru s s fr a m e w o r k 
ar;d locate any added bench system. The 
bench unit described below {Figure 32) is 
designed to fit on these rails, and it can be 
adjusted to the dimensions of any current 
American design of projector. 
The only drawback to using a standard 
projector as the optical system is that the 
objective {in this case the model itself) can-
not be in the best plane for projection. It is 
impossible to design the bench so that the 
model is in the same plane as that used by 
the slides intended for the projector. The 
best that can be done is to arrange that the 
model is as close to the slide plane as possi-
ble. In the design given, this error is ap-
proximately 2 1/ 4 in. and this results in a 
small loss of effective optical field from 
3 3/4in. by 3 in. to 3 1/2 in . by 3 in. 
The straining frame is designed in such a 
way that tensile or compressive forces can 
be applied horizontally or vertically at any 
location. Provision is also made for sliding 
the frame either horizontally or vertically 
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Figure 3l ( c). Stress concentrations due to 
changes in section 
Figure 3l(d). Stre ss c once ntrations in a 
w e ld e d j oint 
Figure 3l(e). 
Shear lag in a riv et g roup 
so th a t any part of the model can be brought 
into the optical field. The position of the 
optical field in relation to the support rods 
dictates the height of model that can be use-
fully fitted into the system. Assuming that 
full use is made of the optical field, the clear 
vertical height of the frame will be at least 
3 in. When this is fixed it will be found that a 
frame this size cannot be dropped lower than 
its central position due to the position of the 
rods. As the frame cannot be lowered, ther e 
is no point in making the frame more than 3 
in. high . Any area above this is "dead space" 
that cannot be brought into the optical field. 
This raised the question of whether or not a 
vertical movement is useful with such a 
system . It was decided to include this feature 
in order to bring the support conditions at the 
lower edge of the frame into the optical field 
for viewing. There is no such restriction on 
the possible length of mode ls, as by mounting 
the frame on a horizontal slide any part of a 
long model can be brought into the optical 
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field at will. In the design given, an internal 
horizontal dimension of 6 in. is used for the 
frame. This was chosen as representing a 
reasonable maximum size of model when 
taking into account the 3-in. height of the 
frame. 
A set of sliding blocks (Parts 4.6.2) are 
fitted to the top and sides of the frame to hold 
the straining screws when requir ed. These 
blocks can be moved to any location on the 
frame. There is also a series of 1/8-in. 
diameter reamed holes on all four sides of 
the frame; these provide anchorage points for 
the models or for the special supporting or 
straining devices when these are used. These 
devices are not given in detail as their design 
is obvious and they are usually made to suit 
the individual requirements of the user. 
Some of them can be seen in Figures 31 (a) 
through (e), and Figure 32 (a). 
Two holders to carry the polarizer and 
quarter-wave plates have to be fitted between 
the straining frame and the light source . 
These take up most of the available space 
between the frame and the projector . Thus 
when the model is being displayed there is no 
access to it from that side; the only access is 
from the projector lens side . Access can 
always be gained from both sides by sliding 
the frame horizontally out of the optical field. 
The other holders carrying the quarter-wave 
plate and analyzer are located between the 
frame and the projector lens. As they can be 
positioned anywhere in this space they are 
designed as a unit separate from the rest of 
the bench. 
Either plane or circularly polarized light 
can be produced. For plane polarized light, 
the outer two polarizers alone are used. 
These are fitted with polaroid, and the direc-
tion of polarization can be controlled by 
rotating the holders in their yokes by hand. 
A circular scale marked in 10° intervals is 
engraved on each holder. For circularly 
polarized light the inner two holders are 
added after being fitted with quarter-wave 
plates. 
The only feature of the projector that 
must be watched is the heat transmitted from 
the light sour-ce. Normally, projectors of this 
kind are fitted with an adequate glass heat 
filter between the condensors, but some older 
projectors may have to be fitted with such a 
heat trap in order to reduce the amount of 
heat reaching the model. Too much heat on 
any model will interfere with its operation 
and may indeed result in a residual fringe 
pattern when the straining forces have been 
removed. 
The design of the bench is fully detailed in 
the drawings, and Figure 32 (a) shows the 
bench being used with a typical 4-in. by 3 1/ 4-
in. projector. 
C. Making the ModP.ls 
For the simple order-of-mag nitude type 
of model being considered in this project, the 
photo-elastic material should have certain 
properties. Mechanically it should be easy 
to cut w ith a fine fr et- saw and easy to drill. 
Optically, it should not be too sensitive ; 
otherwise there will be trouble with time-edge 
effects and machining stresses. These models 
have to be made quickly and without the ne-
cessity for highly refined machining tech-
niques. For this reason a material with a 
high sensitivity is not desirable . On the 
other hand too low a sensitivity will result in 
the need for large forces to be applied by the 
straining screws and this also is undesirable. 
A good compromise in this matter is to use 
a medium sensitive material such as Photo-
Stress. The models shown in Figures 31 and 
32 are all made from 1/8-in. Photo - Stress 
sheet. 
The models have to be cut from sheet 
with due regard to the problem of machining 
stresses . Overcoming this problem is largely 
a matter of experience, and a small amount of 
practice will enable any model maker to 
develop a feeling for using saws, drills, files, 
and vises in such a way that residual strains 
are not noticeable. Saw blades and drills 
must be kept as sharp as possible, and cutting 
and drilling speeds kept low to avoid 
unnecessary heating. 
For making straight or curved cuts in 
sheet material, an inexpensive power-driven 
fret-saw may be used. By using a new saw 
blade and feeding the material slowly by hand, 
a cut can be taken to within about 1/32 in. of 
the finished edge without causing machining 
stresses inside the model boundary. The 
1/32 in. is then removed by using a hand file. 
When drilling holes (as, for example, in the 
riveted-joint model of Figure 31 (e)) the drill 
must be sharp, and the drilling operation taken 
slowly. Before starting on a model, it is 
advisable for anyone new to this problem to 
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practice these operations on scrap material 
with a small polariscope on hand to observe 
the results as he proceeds. 
Given the necessary small amount of ex-
perience in this kind of work, the models 
shown in Figures 31 (a) through (e) can be made 
relatively quickly. For example, the models 
of Figures 31 {a) through {e) we re each made 
within about half an hour; the more complex 
frame model of Figure 31 (b) took about one 
and a half hours. These models, of course, 
are reusable and become part of a library of 
models to cover all required aspects of 
strain demonstrations. 
D. Use of Photo- Elastic Models 1n Teaching 
The following comments are intended only 
as an indication of some areas in a general 
course on theory of structures where the 
demonstration of strain can be valuable . It 
will be assumed that the students will know 
nothing about the theory of photo-elasticity. 
This means that the m e thod must be kept at 
its simplest so that with a mini1num of ex -
planation the students will be able to compre-
hend all they need to know about the phe-
nomenon in order to understand the response 
of the models to loading. 
It will be remembered that in all cases 
the fringe order is a measure of the difference 
of the principle stresses; thus with a plane 
stress demonstration the only place where the 
magnitude of stress can be shown directly is 
at a boundary where a uniaxial stress state 
exists. Here the fringe order is a direct 
measure of the stress parallel to the free 
edge ; this should be kept in mind when de-
signing models for demonstration. Away from 
a boundary where a biaxial stress state 
exists, care must be exercised in using the 
fringe arrangement to predict the absolute 
value of stress. 
The following suggested demonstrations 
fall into two general categories - the demon-
stration of internal forces, a nd the demon-
stration of stress concentrations. In the 
former we are intere ste d in showing the 
validity of the solutions for forces in 
statically indeterminate systems due to ex-
ternal forces or due to the shifting of the 
supports. The photo-elastic method is useful 
in such cases provided the models are com-
posed of narrow members {that is, where the 
boundaries are close together) in which case 
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both axial forces and bending forces can be 
seen directly. Examples of this are the con-
tinuous beam and truss framework models 
described below. In the stress-concentration 
type of demons tra ti on we are general! y 
interested in the effect of section geometry on 
elastic stress level; examples of this are 
given in the simple tensile specimen and in the 
riveted and welded joint models. 
l . Internal Forces in a Statically Inde-
terminate System 
a. IAoments in a Continuou s Beam 
The bending moments in a continuous 
beam system can be easily demonstrated by 
the two-span constant section beam shown in 
Figure 31 (a). As a means of supporting the 
beam, a cross -bar is fitted to the frame and 
on this the three point supports are positioned 
as required. Boundary conditions are im-
portant; only one of the three supports can 
restrain the beam horizontally, the other two 
being simple rollers. As shown, the external 
loading applied to the beam consists of verti-
cal point forces at X and Y. In a demon-
stration of this kind the form of the mome nt 
diagram can be constructed from the fringe 
pattern, and thus the effects of various load 
and restraint conditions can be studied 
directly. For example, the moment changes 
caused by support settlement can be shown. 
Also the possibility of end support reactions 
changing in sign and the effect of any "lifting" 
of the structure on the internal forces across 
the beam can be seen. 
It is also a simple matter to show the 
effect of axial forces on a model of this kind. 
Thus, for example, the buckling of a con-
tinuous column and also the total effects of 
axial and transverse loading can be shown. 
b. Secondary Bending in a Truss Framework 
In frame analysis a truss framework is 
often assumed to be pin-jointed, even though 
the joints may be riveted or welded, each 
giving a different degree of stability. This 
assumption implies pure axial forces in all 
members, or no bending effects. In practice 
this may or may not be justified, and the 
errors caused by secondary bending depend on 
the design of the individual frame. It is a 
simple matter to demonstrate fully rigid t russ 
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action and to compare it with the assumed pin-
jointed action by using a model of the kind 
shown in Figure 31 (b). This is a four panel 
Pratt Truss with the center-lines of all 
members meeting exactly at the joints except 
in the case of member EG which is off-center 
for a special purpose. 
By loading the truss accurately at node 
point B, the distribution of stress across any 
member in panel ABJK should be uniform if all 
joints were pinned. However, the deflection 
configuration of the frame will result in 
secondary bending effects, which vary in 
magnitude from one member to another. 
This can be seen directly by the fringe 
pattern in the various members, and the 
moment diagram for secondary stress can be 
drawn by referring to the fringe order along 
the various boundaries. It will be noted that 
the worst secondary effect occurs in KJ, and 
that in all cases of secondary bending the 
point of contraflexure is approximately at the 
midspan of the member . 
Another effect that can be demonstrated 
is the serious increase of secondary bending 
caused by any eccentricity in the frame -
either eccentricity in the location of the 
loading, or off-center effects in the po-
sitioning of the members . As an example of 
this the loading can be applied at joint D, 
which puts large forces into some of the 
members of panel DEFG, the panel with an 
eccentric diagonal member. Member EG is 
eccentric with respect to the joints between 
horizontal and vertical members at both ends; 
the eccentricities are of the same value but in 
opposite direction at each end so that the line 
joining the node points passes through the 
center-line of EG at its midspan. As the 
loading is increased from zero, it will be seen 
that there are large secondary bending effects 
in this panel due to eccentricity. The form of 
the bending moment diagrams can be pre-
dicted quite accurately taking into account the 
line of action of the force in each member, 
and these predictions can be seen to compare 
well with the fringe pattern produced by the 
model. This demonstration is of value in a 
course on design where it may be difficult to 
convince a gr oup of students that although the 
detailing of a joint may be made easier by 
putting some of the members slightly off-
center, this can only be done at the expense of 
a serious increase in secondary bending and 
thus of total stress. 
A similar effect can be caused by eccen-
tricity of loading. This can be demonstrated 
by moving the loading screw slightly off-
center so that its line of action does not pass 
through the center of the joint, or by moving 
the frame so that the point of support is off-
center. 
2. Stress Concentrations 
a. Section Geometry and Stress Concen-
tration 
As an introduction to the magnitude of 
stress concentration that can be caused by 
sudden or gradual changes in the geometry of 
a section, a long comparative tensile model 
of the kind shown in Figure 31 (c) can be use-
ful. There are four symmetrical changes in 
section included in this single tensile speci-
men, and by applying an axial tension, the 
relative severity of the various stress raisers 
can be seen . From left to right there is a 
curved waist, then a sharp and narrow notch 
to the same depth - the comparison here is 
interesting in that it shows that to remove 
material at a notch may improve the stress 
state. Then there is a sudden increase in 
section of the kind that can be produced if 
plates of different widths are welded together, 
and this can be compared with a tapered 
change in section, the total change being the 
same. Again the comparison between these 
two is obvious and it can be used to show the 
reasoning behind the tapering specifications 
in connection with welded butt joints. 
Nothing more is intended in a model of 
this kind than an indication of the general 
effect of section geometry on stress level, and 
to make a direct comparison between good and 
bad practice in design. A visual demon-
stration of the simple notching effect is in 
itself of value in that it g ives warning of the 
possibility of fatigue failure in members 
where repeated high e lastic stresses and 
stress gradients are present (as they are in 
the vicinity of any notch). 
As a logical seque nce to this demon-
s tra ti on, the following two mode ls will show 
the kind of stress patterns that can be ex-
pected in two common forms of jointing in 
steel - welded and riveted strap joints. 
b. Stress Concentrations in a Welded Joint 
In any form of welded strap joint, stress 
concentrations are unavoidable and they 
generally occur in the vicinity of the weld 
itself. The model shown in Figure 31 (d) can 
be used to show the order of magnitude of 
stress in such a joint. The model is cut from 
a single sheet of material; the total width of 
the two straps is the same as that in the main 
section being joined, and the 45° angles at the 
ends of the straps represent the sections 
through the fillet welds. This model thus 
gives the stresses at a section in an infi-
nitely long joint. The only real difficulty in 
making a model of this kind is encountered 
in cutting the slots between the straps and 
the plates. This has to be as fine a cut as 
possible and is best done with a fine gage 
fret-saw blade. 
An axial force applied to the specimen 
shows the severe stress concentrations at the 
root of all four welds and also shows the 
large variation of stress across the thickness 
of the strap plates, the maximum stress 
occurring on the inside face of the plate in 
each case. Regardless of the properties of 
the weld material, it can be seen that this 
section would be liable to fatigue failure 
starting from the toe of the welds if the joint 
were subjected to repeated loading. 
c. Sh ea r· Lag in a Riveted Joint 
In simplified analysis of riveted joints, it 
is usually assumed that the axial force pro -
duces equal shear in all rivets of a rivet 
group, provided that the loading i s centric. 
That this cannot be so in the majority of cases 
is obvious enough when the elastic extension 
of the various plates is taken into account, 
and a simple demonstration of the type shown 
in Figure 31 (e) can b e quite convincing. This 
model represents a double -strap butt joint, 
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the rivets being perpendicular to the plane of 
the figure. This is a comparative model to 
show the relative value of having a five -row 
rivet group to the left of the joint as against a 
three-row to the right. The plates to be 
joined are made from se nsitive material 
(Photo-Stress) so that the stress pattern in 
the center core can be seen on both sides of 
the joint; the cover plates on the other hand 
are made from relatively insensitive material 
(Plexiglas). The ir purpose is only to make the 
mechanical joint and not to inte rfere with the 
stress pattern of the core plates. This 
arrangement has to be carefully made so there 
will be no initial stress pattern at "no.load" 
A suitable procedure is to make all the plates 
first, the n temporarily cement them together 
in their exact positions for the joint (a rubber 
cement is suitable for this purpose), drill the 
holes, then separate the plates and insert the 
"rivets." The rivets in this case are merely 
1/ 8 -in. steel rod, and, as they are a neat 
sliding fit in the holes, they can be removed 
one by one during the demonstration to show 
the resulting change in stress pattern. 
When an axial tension is appli ed across 
this system most of the force i s taken by the 
outer rivet in both groups . This can be seen 
by comparing the fringe order in the plate 
around the first rivet with that around the 
second and so on for each side of the joint. 
In fact when the fringe patterns around the 
two outer rivets are compared it looks as if, 
in this design of joint and within the range of 
elastic behavior, there i s little to choose 
between the two arrangements of rivets. Also 
the high value of local stress in the vicinity 
of the first rivet can be seen in both cases. 
This again i s a source of danger from the 
point of view of fatigue failure were such a 
joint is s ubmitted to repeated loading . 
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The Engineering Experiment Station was established by act of the 
University of Illinois Board of Trustees on December 8, 1903. Its pur-
pose is to conduct engineering investigations that are important to the 
industrial interests of the state. 
The management of the Station is vested in an Executive Staff 
composed of the Dean of Engineering, the Director, the heads of the 
departments in the College of Engineering, the professor in charge of 
Chemical Engineering, and the Editor of Engineering Publications. 
This staff is responsible for establishing the general policies governing 
the work of the Station. All members of the College of Engineering 
teaching staff are encouraged to engage in the scientific research of the 
Station. 
To make the results of its investigations available to the public, 
the Station publishes bulletins and technical reports. Occasionally it 
publishes circulars which may contain timely information compiled 
from various sources not readily accessible to the Station clientele or 
may contain important information obtained during the investigation 
of a particular research project but not having a direct bearing on it. 
A few reprints of articles appearing in the technical press and written 
by members of the staff are also published. 
In ordering copies of these publications reference should be made 
to the Engineering Experiment Station Bulletin, Technical Report, 
Circular, or Reprint Series number which appears on the cover. 
ENGINEERING PUBLICATIONS OFFICE 
112 CIVIL ENGINEERING HALL 
UNIVERSITY OF ILLINOIS 
URBANA, ILLINOIS 
